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‘’The chemicals to which life is asked to make its 
adjustments are no longer merely the calcium and 
silica and copper and all the rest of minerals washed 
out of the rocks and carried in rivers to the sea; they 
are the synthetic creations of man’s inventive mind, 
brewed in his laboratories, and having no counterparts 
in nature.’’ 
 
 
(Rachel Carson, 1962)  
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Chapter 1 
  
 
General introduction 
1.  Background 
Aquaculture - the cultivation of fish, crustaceans, molluscs and water plants - has dramatically 
evolved during the last 30 years, becoming the fastest-growing animal food-producing sector in 
the world (FAO, 2012a). Nowadays, nearly 90% of the global aquaculture production is produced 
in Asia, with China being by far the largest producer (Fig. 1). Recent technological advances such 
as (1) the use of fertilizers and industrial feeds, (2) the use of electricity for water exchange 
management and aeration, (3) the distribution of genetically improved and pathogen free seed, 
and (4) the use of therapeutants and other chemicals for controlling water quality and disease 
outbreaks, have been introduced along the main aquaculture producing regions of Asia (Bostock 
et al., 2010; De Silva and Davy, 2010). These technological advances have facilitated the expansion 
and intensification of Asian aquaculture, leading to the so-called ‘blue revolution’ (Costa-Pierce, 
2002), a process analogous to the Green Revolution experienced by the agriculture sector during 
the second half of the last century, which requires assessing a range of environmental issues, 
including water pollution and degradation of ecosystems (Bush et al., 2013). 
 
 
Figure 1. Aquaculture production quantities in 2010 (Mt). Data source: FAO (2012b). 
 
The majority of the Asian aquaculture is produced in inland systems such as excavated ponds and 
net pens or cages suspended in rivers and reservoirs, and discharge their effluents into 
surrounding freshwater and brackish water ecosystems (Bostock et al.,  2010; Fig. 2). Effluent 
discharges from intensive and semi-intensive aquaculture facilities may contain high loads of 
nutrients and potentially toxic chemicals such as heavy metals and veterinary medicines. The 
increasing pressure of aquaculture production on surrounding aquatic ecosystems has been 
largely criticised because of their potential negative impacts on biodiversity (Primavera, 2006; De 
Silva, 2012; Diana, 2012), and important ecosystem services such as nutrient cycling and the 
provision of water and food (Beveridge et al., 1997; Soto et al., 2008). The contamination of 
streams and rivers may also result in negative impacts for aquaculture farmers since these 
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constitute their main source of input water for their production activities, and excessive water 
quality deterioration may be responsible for higher disease outbreaks and unaffordable economic 
losses (Bondad-Reantaso et al., 2005). The sustainable development of the Asian aquaculture 
industry demands an increased awareness of its environmental impacts as well as a greater 
commitment of science to develop the knowledge and tools required to quantify and minimize 
those impacts.  
 
  
 
Figure 2. Main aquaculture production systems in Asia include earthen ponds (left) and floating cages in freshwater 
rivers and reservoirs (right), which are hydrologically connected with the surrounding aquatic environment.  
2. Veterinary medicines used in Asian aquaculture 
The proliferation of disease outbreaks in Asian aquaculture and the need to increase biosecurity 
and prevent unaffordable mortality losses has led to the introduction of a wide range of 
veterinary medicines (Bondad-Reantaso et al., 2005). Veterinary medicines are substances used 
for treating or preventing animal diseases, or for modifying physiological functions in animals1. 
Veterinary medicines reported to be used in Asian aquaculture include antibiotics, antifungals, 
anaesthetics, anthelmintics, parasiticides, hormones and growth promoters (Boyd and Massaut, 
1999; Gräslund and Bengtsson, 2001; Le and Munekage,  2004; Sapkota et al., 2008; Bosma et al., 
2009). They constitute a very diverse group of compounds with varied origin (e.g. synthetized by 
microorganisms, produced by plants, naturally occurring chemicals, synthetized by humans) and 
with specific modes of action. With the exception of some injectable anaesthetics, the majority of 
the veterinary medicines used in Asian aquaculture are administered either mixed with feed or 
directly to water. Aquaculture medicines may enter the environment by a number of different 
routes. For example, antibiotics applied mixed with feed to fish cages can enter the environment 
via fish faeces and urine, by the dissolution from feed, or by the sinking of uneaten feeds. 
Veterinary medicines applied to ponds may enter the environment via effluent discharges, by the 
environmental or agricultural deposition of sludge, and to a lesser extent by volatilization, 
percolation or leaching from aquaculture facilities (Boxall et al., 2004; Kümerer, 2009). Some 
studies have demonstrated that veterinary medicines applied to confined Asian aquaculture 
facilities constitute an important source of environmental pollution (Le and Munekage, 2004;  Zou 
et al., 2011; Barbosa et al., 2013). For example, residues of 17α-methyl-testosterone, a hormone 
used to induce sex-reversal in tilapia hatcheries, have been detected in water samples collected in 
the surroundings of aquaculture facilities in Thailand (Barbosa et al., 2013), and antibiotics used in 
shrimp and fish ponds of Vietnam and China have been measured at relatively high 
concentrations in water and sediments of down-stream aquatic ecosystems (Le and Munekage, 
                                                          
 
1
 When referring to veterinary medicines within this thesis, terms like chemotherapeutants, drugs, chemicals, 
compounds and substances are used interchangeably. 
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2004; Zou et al., 2011). Some of the chemotherapeutants used in Asian aquaculture have been 
classified as highly hazardous for the environment and show high toxicity potential for non-target 
aquatic organisms (Boyd and Massaut, 1999; Gräslund and Bengtsson, 2001). To date, the number 
of available studies reporting the environmental contamination and the environmental impacts of 
aquaculture medicines in Asia is very limited, and has been restricted to qualitative descriptions 
(e.g. Gräslund and Bengtsson, 2001). The expansion and intensification of Asian aquaculture 
suggests that the environmental pollution with veterinary medicines and their contribution to 
biodiversity loss and water quality deterioration are likely to become more evident in the near 
future, and therefore research and guidance for assessing and managing their environmental risks 
is urgently required.  
 
Figure 3. Conceptual framework showing the tiered approach used in the environmental effect assessment of 
chemicals. Lower tiers require less data and are more conservative than higher tiers. Higher tiers rely on more costly 
and complex experiments, and show a higher level of ecological realism. Adapted with permission from Solomon et al. 
(2008). 
3. Environmental risk assessment of aquaculture medicines 
Environmental Risk Assessment (ERA) can be defined as the estimation of the likelihood and 
extent of an adverse effect to occur in ecosystems as a result of an exposure to a chemical or a 
mixture of chemicals. The ERA usually entails three different phases: the exposure assessment, 
the effect assessment, and the risk characterization phase (Van Leeuwen and Vermeire, 2007). 
The exposure assessment uses chemical-related data and empirical environmental data, in 
combination with established environmental fate models or analytical measurements, to describe 
chemical exposure patters in different environmental matrices such as water or sediments 
(Beltman et al., 1996; Koelmans et al., 2001). The effect assessment aims at the estimation of the 
relationship between the dose or level of chemical exposure and the incidence of a particular 
physiological or ecological effect in response to this exposure. Because it is impossible to assess 
the effects of chemicals on all species and all processes occurring in ecosystems, a tiered 
approach is normally used in prospective ERAs (Fig. 3). Such tiered approach uses different 
methods to extrapolate chemical effects from low (individual level) to high levels of biological 
organization (populations, communities, ecosystem). Normally, first-tier evaluations are based on 
the assessment of the chemical effects on a limited number of standard test species and on the 
use of assessment factors to derive safe environmental concentrations (Brock et al., 2006). In 
intermediate tiers, the effects of the chemical are assessed on a larger number of species and 
probabilistic methods, such as the Species Sensitivity Distribution (SSD) approach, are used to 
estimate safe environmental concentrations (Posthuma et al., 2002). Higher-tiers normally predict 
safe environmental concentrations at the population and community level by evaluating their 
sensitivity at more realistic exposure patterns in model ecosystem experiments (micro- and 
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mesocosms), which can be complemented by ecological model computer simulations (Van den 
Brink et al., 2002; Van den Brink et al., 2005; Galic et al., 2010). Finally the risk characterization 
phase combines the output of the exposure and effect assessments in order to provide an 
estimation of the environmental risk, which is usually expressed as a risk quotient or as a risk 
probability (Solomon et al., 2000; Brock et al., 2006; Van Leeuwen and Vermeire,  2007).  
 
The ERA of aquaculture medicines in countries of Europe, USA, Japan, Australia and New Zealand 
is performed under the framework generated by the International Cooperation on Harmonization 
of Technical Requirements for Registration of Veterinary Products (VICH). This framework 
establishes physico-chemical and ecotoxicological data requirements for the evaluated 
compounds, and comprises a tiered approach supported by several guidance documents for the 
calculation of environmental exposure and ecological effect thresholds (VICH, 2000; VICH, 2004; 
EMEA, 2008). Such an approach guarantees that veterinary medicines authorized for their use in 
aquaculture have been subject to a standard and conservative ERA that ensures no or acceptable 
negative effects on the environment when used according to recommendations. This situation 
substantially differs from the way this issue has been approached in the majority of the 
aquaculture producing countries in Asia, where lists of approved or banned aquaculture chemicals 
are often based on international food safety hazards and are not subjected to any kind of formal 
environmental scrutiny.  
 
4. Towards the environmental risk assessment of aquaculture medicines in 
Asia 
The ERA for veterinary medicines used in Asian aquaculture firstly requires the procurement of 
precise and up-to-date information (i.e., dosages and modes of application) on the active 
ingredients that are being used in different countries and in different phases of the aquaculture 
production cycle (e.g. hatcheries, nurseries, grow-out). This information is essential for 
performing first-tier, preliminary risk assessments and for the prioritization of aquaculture 
scenarios and compounds that require further (semi-)field evaluations. 
Secondly, the risk assessment of aquaculture medicines requires the evaluation of chemical 
exposure patterns in ecosystems potentially impacted by aquaculture pollution. Several studies 
have monitored antibiotics and parasiticide residues in water and sediments surrounding cages 
and net pens anchored along the coasts of major salmon producing countries such as Ireland, 
Scotland, Norway and Chile  (e.g. Samuelsen et al., 1992; Coyne et al., 1994; Telfer et al., 2006; 
Buschmann et al., 2012), and fewer studies are available reporting concentrations of antibiotics in 
streams impacted by freshwater aquaculture (e.g. Thurman et al., 2002; Lalumera et al., 2004). 
Differences in aquaculture species, production systems, compounds, and environmental 
characteristics between the published literature and the Asian aquaculture scenarios make it 
imperative to develop Asian specific exposure assessments. The development of chemical fate 
models will help in this task and will overcome the technical and economic limitations of some 
developing countries of Asia to perform extensive field monitoring campaigns. 
Thirdly, veterinary medicines applied in Asian aquaculture comprise a set of compounds with 
varied toxicological mode of action on non-target aquatic organisms, some of which are still 
relatively unknown. During the last decades, the great bulk of the ecotoxicological research into 
the effects of chemicals on aquatic ecosystems has focused on the assessment of agricultural 
pesticides - some of them also used in aquaculture - through laboratory and semi-field 
experiments (see reviews by Van Wijngaarden et al., 2005; Van den Brink et al., 2006; Maltby et 
al., 2009). Likewise, the aquatic toxicity of the most widespread anthelmintic used in aquaculture, 
ivermectin - which is also used in livestock production - has been thoroughly investigated 
(Sanderson et al., 2007; Brinke et al., 2010; Boonstra et al., 2011). The amount of data available 
for these chemical classes (i.e., ecto- and endo-parasiticides) allows a trustworthy ecological 
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effect evaluation, with well understood consequences for aquatic ecosystems. Less advanced, 
however, is the scientific knowledge that underpins the ERA for antimicrobials used in 
aquaculture. For these compounds there are still large knowledge gaps regarding, for example: (1) 
the variation in sensitivity between standard and non-standard test organisms, (2) the variation in 
sensitivity between temperate species and those inhabiting (sub-)tropical aquatic ecosystems of 
Asia, (3) the adequacy on the use of ecological thresholds derived with single-species toxicity data 
to protect aquatic communities, and (4) the use of biomarkers to effectively assess sub-lethal 
biological effects under field conditions (Brooks et al., 2009).  
Another important question regarding the ERA of aquaculture antibiotics is to know how and to 
what extent antibiotics can affect environmental bacteria. Standard ERA procedures for 
aquaculture antibiotics accept the alteration of the structure of bacterial communities as long as 
their ecological functions are preserved (VICH,  2004; EMEA, 2008), though these do not offer 
standard monitoring protocols to assess effects on ecological functions. Yet, it is rather unknown 
what are the implications of structural changes in bacteria communities regarding their mediated 
ecological functions like nitrification and organic matter mineralization, and how this could result 
in side-effects at higher trophic levels. Similarly, the selective pressure that antibiotic pollution 
may exert on natural bacterial communities and the consequent development of antibiotic 
resistance is not included as part of the current ERA framework (see critics by Montforts, 2005 
and Tello et al., 2012). Recent studies have stressed the dimensions of this worldwide problem for 
the future treatment of human and animal bacterial diseases (Martinez, 2008; Miranda et al., 
2013; Cabello et al., 2013), which has particularly been debated in the context of emerging 
aquaculture industries like the Asian (Suzuki and Hoa, 2012). Many researchers have claimed the 
need to find alternatives in order to reduce the use of antibiotics, as well as to derive science-
based risk assessment tools aiming at quantifying and minimizing the development of antibiotic 
resistance in aquaculture environments (Miranda et al., 2013; Cabello et al., 2013; Pruden et al., 
2013). This thesis aimed to contribute to reduce the current uncertainties in the risk assessment 
of aquaculture antibiotics by tackling the issues highlighted in this section. 
5. Research objectives and scope 
This thesis consists of a series of studies that collectively contribute to increase our knowledge on 
the use and environmental risks posed by the use of veterinary medicines in Asian aquaculture 
production, with an emphasis on the evaluation of the risks posed by aquaculture antibiotics for 
tropical aquatic ecosystems.  
 
The specific research objectives of this thesis are: 
1. To assess the current use of veterinary medicines in Asian aquaculture production. 
2. To develop new modelling tools to support the risk assessment of aquaculture medicines.  
3. To identify compounds and Asian aquaculture production scenarios that may pose high 
environmental risks and, therefore, require further in-depth risk evaluations. 
4. To monitor the environmental fate and ecological risks posed by the use of aquaculture 
antibiotics for tropical aquatic ecosystems. 
This thesis was carried out as part of the EU-FP7 Sustaining Ethical Aquaculture Trade project 
(SEAT; www.seatglobal.eu). The SEAT project was originated to assess and support the economic, 
social and environmental sustainability of the Asian aquaculture industry, with the aim of 
providing better informed choices to seafood consumers in Europe and other developed 
countries. The SEAT project focused on assessing aquaculture value chains of four aquaculture 
species groups with high export potential (i.e. Penaeid shrimp, Macrobrachium prawn, tilapia and 
Pangasius catfish) produced in four major aquaculture producing countries of Asia: China, 
Vietnam, Thailand and Bangladesh (Table 1). This thesis contributed to the assessment of the 
environmental performance and sustainability of the aquaculture production in the mix of 
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countries and aquaculture species studied within the SEAT project by studying several aspects 
related to the use of veterinary medicines and their potential environmental risks.  
Table 1. Matrix of countries and major aquaculture species included as part of the SEAT project and studied within this 
thesis. 
 
 
6. Thesis outline  
This thesis starts with a profound analysis of chemical use practices in Asian aquaculture that 
includes not only veterinary medicines but also other compounds such as fertilizers, water quality 
treatments, hormones, and other biological compounds. Chapter 2 provides a literature review 
on the use of chemicals and biological products in the top-seven aquaculture producing countries 
of Asia. This study also discusses the factors that influence the control on chemical use at the 
farm-level, describes the available international guidelines for the ERA of veterinary medicines, 
and highlights the research needs for the implementation of ERA studies in Asian countries. 
Chapter 3 continues with the analysis of chemical use practices in Asian aquaculture and 
describes the outcomes of a survey performed to 252 grow-out farmers and 56 chemical supply 
shops in the countries studied within the SEAT project. Furthermore, a comparative analysis is 
performed between the studied aquaculture species and countries with regard to chemical use 
frequencies, reported dosages, applied quantities relative to production, and the factors 
underlying the observed chemical use patterns.  
 
In Chapter 4 and 5 modelling approaches are developed and used to perform risk evaluations for 
aquaculture medicines. Chapter 4 describes the scientific background and potential applications 
of the ERA-AQUA model, a risk assessment model that was developed to perform environmental 
and human health risk assessments of aquaculture veterinary medicines applied in pond 
aquaculture. This chapter defines the input parameters, sub-models and underlying equations 
used by the ERA-AQUA model, and shows the outcomes of a sensitivity analysis that helps to 
identify the most important parameters to take into consideration when parameterizing the 
model. Chapter 5 uses the ERA-AQUA model and the dataset generated in Chapter 3, together 
with up-to-date information on aquaculture production practices and chemical characteristics, to 
perform a probabilistic risk assessment aimed at the identification of chemotherapeutant 
treatments and aquaculture pond scenarios that pose a major environmental hazard. 
 
Chapters 6, 7 and 8 describe the outcomes of monitoring studies that investigate the 
environmental fate and ecological effects of aquaculture antibiotics for tropical aquatic 
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ecosystems. Chapter 6 focuses on the investigation of the use, fate and ecological risks of 
antibiotics applied in tilapia cage farming in Thailand. In this chapter, the environmental fate of 
the two most commonly used antibiotics, oxytetracycline and enrofloxacin, is investigated by 
monitoring concentrations of these compounds in water and sediment samples collected in two 
rivers with significant aquaculture production. Furthermore, potential ecological risks at these 
concentrations are calculated based on SSDs built with literature data and the results of a battery 
of tests performed with these two antibiotics for tropical freshwater invertebrates. Chapter 7 
investigates the environmental fate of enrofloxacin, and its main metabolite ciprofloxacin, in 
aquatic ecosystems exposed to Pangasius catfish pond effluents in Vietnam. In this chapter, the 
effects of enrofloxacin and ciprofloxacin are investigated on freshwater organisms belonging to 
three different trophic levels and a risk assessment is performed based on the monitored 
environmental concentrations and the obtained toxicity data. Finally, Chapter 8 investigates the 
ecosystem-level effects of the antibiotic enrofloxacin by monitoring the effects of a realistic 
exposure pattern in tropical freshwater microcosms. In this study the antibiotic effects on five 
structural (macroinvertebrates, zooplankton, phytoplankton, periphyton and bacteria) and two 
functional (organic matter decomposition and nitrogen cycling) endpoints are described. 
 
In Chapter 9 the issue of antibiotic resistance is examined. This chapter proposes a modelling 
approach aimed at predicting the development of antibiotic resistant bacteria in aquaculture 
production systems and surrounding environments. The approach described in this chapter is 
grounded on the theory of probabilistic risk assessment and relies on the use of modelled 
exposure concentration distributions and SSDs derived with available antibiotic susceptibility data 
for clinically relevant bacteria. This chapter also discusses the need and the way forward to 
include relevant resistance endpoints in the prospective, screening-level risk assessment of 
aquaculture antibiotics. 
   
In Chapter 10 the results of this thesis are discussed and recommendations are provided (1) to 
improve the control on the use of aquaculture medicines in Asian countries, (2) to reduce the 
environmental discharge of aquaculture medicines, and (3) to improve the knowledge and tools 
that underpin the ERA of veterinary medicines used in Asian aquaculture.   
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Chapter 2 
 
Use of chemicals and biological products in Asian 
aquaculture and their potential environmental risks: 
a review 
 
Andreu Rico, Kriengkrai Satapornvanit, Mohammad M. Haque, Jiang Min, Phuong T. 
Nguyen, Trevor C. Telfer, Paul J. van den Brink 
 
 
Abstract 
 
Over the past few decades, Asian aquaculture production has intensified rapidly through the 
adoption of technological advances, and the use of a wide array of chemical and biological 
products to control sediment and water quality and to treat and prevent disease outbreaks. The 
use of chemicals in aquaculture farms has raised environmental concerns owing to their potential 
impacts on down-stream aquatic ecosystems. Currently little is known about the environmental 
fate and effects of the chemicals used in Asian aquaculture. Therefore, we reviewed recent 
information on the use of chemical and biological products in the most important Asian 
aquaculture producing countries and summarize their main potential environmental impacts. We 
provide an overview of the main factors controlling the use of these chemicals and describe the 
international risk assessment guidelines available for aquaculture chemicals. Finally, data gaps 
and research needs for their implementation in Asian countries are discussed. Our review aims to 
form a basis for developing environmental risk assessment studies of the chemicals used in Asian 
aquaculture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been published in Reviews in Aquaculture 2012, 4: 75-93.  
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1. Introduction 
Asian aquaculture production accounts for nearly 90% of the global aquaculture production by 
volume and is primarily dominated by the culture of freshwater and brackish water species in 
tropical and sub-tropical regions (FAO,  2009). The Asian aquaculture industry is characterized by a 
high degree of diversification and differs substantially to the aquaculture practiced in temperate 
regions in terms of the cultured species, the types of production systems, and the levels of 
intensification. Asian freshwater aquaculture production is dominated by the culture of several 
species of carps, tilapias and catfishes in irrigated or flow-through ponds with varying degrees of 
intensification and, to a lesser extent, cultured in cage-based farming systems placed in water 
reservoirs, lakes and rivers (FAO, 2010). Brackish water aquaculture has more than doubled during 
the last decade (Rivera-Ferre, 2009) and is dominated by the production of crustaceans (mainly 
penaeid shrimps) in coastal earthen ponds and tanks (FAO, 2010). 
Over the past few years, the Asian aquaculture production sector has expanded and intensified at 
a rapid pace largely due to the increase in the population and economic growth, the export 
potential of the aquatic products, and the intensification of aquaculture practices (i.e., expansion 
of monoculture on-growing systems, increase of stocking densities and use of high loads of 
artificial feeds) (Bostock et al., 2010). As aquaculture practices have intensified, the Asian 
aquaculture industry has been overwhelmed by several aquatic animal health problems. The 
proliferation of viral, bacterial and fungal infections and parasitic pests has resulted in large 
economic losses, becoming one of the major constraints to the development and expansion of the 
aquaculture sector in Asia (Bondad-Reantaso et al., 2005). Consequently, aquaculture farmers 
have relied on a wide variety of synthetic and natural chemical and biological treatments to 
prevent and treat disease outbreaks, to enhance the health status of the cultured species, and to 
improve the environmental conditions of the aquaculture production systems. These include 
antibiotics, disinfectants, pesticides, fertilizers, and water and soil treatment compounds 
(Gräslund and Bengtsson, 2001).  
The majority of the Asian aquaculture production systems are hydrologically interconnected with 
the surrounding water bodies and produce continuous or intermittent waste water discharges into 
them. Thus, a considerable amount of the chemicals and biological products applied in these 
aquaculture production systems may eventually be released in the surrounding aquatic 
ecosystems, potentially damaging the natural structure and functioning of these ecosystems, and 
contributing to the development of resistant strains of parasites and bacteria (GESAMP, 1997; 
Boyd and Massaut, 1999; Gräslund and Bengtsson, 2001; Burridge et al., 2010).  
To date, studies aimed at assessing the environmental risks posed by the use of chemicals in Asian 
aquaculture rarely exist. This is probably a result of the rapid expansion and intensification of the 
aquaculture sector that has taken place during the past couple of decades, a weakness of  
environmental regulatory frameworks and a lack of scientific and economic resources. The present 
study aims to provide a review on the potential environmental hazards of chemicals and biological 
products used in Asian aquaculture and to identify research needs for performing environmental 
risk assessment studies. First, we reviewed publications describing the use of chemicals and 
biological products in Asian aquaculture in order to identify the main compounds that have been 
recently used as well as the components of aquatic ecosystems that might be affected by each 
group or groups of these compounds. Second, we reviewed and discussed the main driving factors 
and regulations influencing the use of chemicals in Asian countries. Third, risk assessment 
guidelines for aquaculture environmentally hazardous compounds that have been already 
implemented in developed countries are described. Finally, the research and actions needed to 
implement available international risk assessment guidelines are presented and recommendations 
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are provided for scientists and governments in order to perform risk assessment studies in Asian 
aquatic ecosystems that are potentially impacted by aquaculture-induced chemical pollution. 
Table 1. List of reviewed publications on chemicals and biological products used in aquaculture production in the top 
seven aquaculture-producing countries of Asia. 
 Reference Country† Environment‡ 
Culture 
system§ 
(Group) 
Species¶ 
Information 
source ψ 
Data 
collection 
Dose/ 
Frequency 
a Yulin (2000) CN NS NS NS R - No 
b Zheng and Xiang (2002) CN NS NS NS R - No 
c Yang and Zheng (2007) CN NS NS NS R - No 
d Qi et al. (2009) CN NS NS NS R - No 
e Pathak et al. (2000) IN FW/BW NS NS R - Yes 
f Amaraneni (2006) IN BW P PM NS - No 
g Phillips 2000 VN/BD FW/BW P F/S IF 1994-1995 No 
h Le and Munekage (2004) VN BW P PM IF/ICS - No 
i Nga (2004) VN BW P PM IF/ICS 2003 Yes 
j Chinh (2005) VN FW P PH IF/ICS 2004 No 
k Bosma et al. (2009) VN FW P PH IF 2008 No 
l Phan et al. (2009) VN FW P PH IF 2008 No 
m Tu (2009) VN BW P PM IF 2004-2005 No 
n Supriyadi et al. (2000) ID FW/BW NS F/S R - Yes 
o Tonguthai (2000) TH NS NS NS IF/ICS - Yes 
p Gräslund et al. (2003) TH BW P PM IF 2000 No 
q Holmström et al. (2003) TH BW P PM IF 2000 No 
r MacRae et al. (2002) BD FW C MR/O IF 1999 Yes 
s Faruk et al. (2005) BD FW P C/PH/MR IF 2004 Yes 
t Faruk et al. (2008) BD FW P F/MR IF/ICS 2007-2008 Yes 
u Cruz-Lacierda et al. (2000) PH BW P PM IF 1995-1996 Yes 
v Tendencia et al. (2001) PH BW P PM R - No 
w Cruz-Lacierda et al. (2008) PH BW P PM/CC IF 2006-2007 Yes 
† CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
‡ NS: Non specific FW: freshwater BW: brackish water 
§ NS: Non specific P: ponds C: concurrent rice-fish-shrimps systems 
¶ NS: Non specific F: fish (species not reported) S: shrimps (species not reported)  
PM: Penaeus mondon PH: Pangasionodon hypophthalmus MR: Macrobrachium rosenbergii O: others (Hypophthalmichthys molitrix, 
Catla catla, Labeo rohita, Ctenopharyngodon idellus) C: carps (species not reported) CC: Chanos chanos 
ψ R: review national publications IF: interview farmers ICS: interview chemical sellers NS: not specified 
2. Use of chemicals and biological products in Asian aquaculture and 
their potential environmental risks 
In general, an overview of qualitative and quantitative data on the use (and/or sales) of chemicals 
applied in Asian aquaculture is currently lacking in the public domain. For this reason, country-
specific information based on field surveys and national reviews published since 2000 was 
compiled for the top seven Asian aquaculture-producing countries (i.e., China, India, Vietnam, 
Indonesia, Thailand, Bangladesh, Philippines) (see FAO, 2009 for a complete country classification 
in terms of production volume). This literature search yielded 23 studies describing the use of 
chemicals and biological products in different aquaculture systems and species (Table 1). The 
identified compounds were classified according to their main use, but some of these compounds 
might be used for different purposes according to different aquaculture practices and in different 
dosages. Commonly used compounds were identified by assessing the number of publications and 
countries reporting their use. It should be noted, however, that this information might be 
somehow biased towards those countries that have good tracking and recording systems and 
research facilities to investigate the use of these chemicals. In addition, most of the field surveys 
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included in this review are focused on high-economic value species such as Pangasius catfish and 
Penaeid shrimps produced in (semi-)intensive pond systems (Table 1). 
2.1. Water and sediment treatment compounds 
Thirteen different compounds were reported to be applied to improve water and sediment quality 
in the production systems (Table 2). Liming compounds like calcium carbonate (agricultural lime), 
calcium hydroxide (hydrated lime) and calcium oxide (quicklime) are applied during pond 
preparation to the water or the sediment to neutralize acidity. To a lesser extent, however, some 
farmers have reported to use them to kill potential pests and predators. Other compounds are 
used to reduce bioavailability of heavy metals (e.g. EDTA) and to reduce turbidity in shrimp ponds 
(e.g. aluminium potassium sulphate).  
Table 2. Water and sediment treatment compounds used in Asian aquaculture
†
.  
Water and sediment treatment compounds (n = 13) CH IN VN ID TH BD PH No. Countries 
Aluminium potassium sulphate      r  1 
Calcium carbonate   e,f i,j,k  o,p r,s,t u,v,w 5 
Calcium hydroxide  e,f   o t u,w 4 
Calcium oxide a,b,c e j  o t  5 
Calcium sulfphate dihydrate   e      1 
Charcoal   k     1 
Dolomite     o,p  u,w 2 
EDTA a e i,j  o t  5 
Potassium dichromate  e      1 
Sodium bicarbonate     p   1 
Sodium chloride a e k,l   r,s,t  4 
Sodium thiosulphate      t u 2 
Zeolite c e,f i,j,k  o,p t u 6 
Number of compounds 4 8 6 - 7 8 5  
CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
† Lower case letters refer to publications listed in Table 1. 
 
In the majority of the studied countries, zeolites were used to remove ammonia and other 
nitrogenous compounds in the water column, even though the efficacy of this practice in brackish 
water systems has been questioned due to its lower efficacy (Boyd, 1995a; GESAMP, 1997). Many 
of these water and sediment treatment compounds are relatively innocuous inorganic substances 
with a short environmental persistence, and are not expected to result in toxic effects to aquatic 
organisms when applied according to recommendations (Boyd and Massaut, 1999). They are, 
however, likely to alter, at least temporarily, water quality parameters of ecosystems such as 
alkalinity, hardness and pH.  
2.2. Fertilizers 
Fertilizers are used to induce algal blooms and to increase the natural productivity of ponds. 
Organic fertilizers such as cow, pig and chicken manure are commonly used in extensive and in 
integrated livestock-fish farms (Table 3). This practice has raised food safety and environmental 
concerns because manure may increase the risk of bacterial proliferation in the culture system and 
also may be a source of residues of antibiotics applied in poultry and livestock production, which 
can also contribute to the development of antimicrobial-resistant bacteria (Petersen and 
Dalsgaard, 2003). Intensive and semi-intensive cultures often rely on the use of inorganic 
nitrogenous and phosphate combinations (Table 3), especially during the early stages of the 
production cycle, when recently stocked fish and shrimps are not able to feed on pelleted feed. 
The high organic matter discharges and consequent risks of eutrophication in receiving waters due 
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to inputs of feeds and fertilizers has been one of the main criticism to the aquaculture industry all 
over the world  (Naylor et al., 2000; Primavera, 2006). The impact of organic matter and nutrient 
discharges on receiving aquatic ecosystems has been described in detail elsewhere (Costanzo et 
al., 2004; Tello et al., 2010 and references therein) and consequently will not be further discussed 
in the present review.  
 
Table 3. Fertilizers used in Asian aquaculture
†
.  
 
Fertilizers (n = 14) CH IN VN ID TH BD PH No. Countries 
Inorganics         
Ammonium phosphate       u,w 1 
Ammonium sulphate  e     u,w 2 
Calcium ammonium nitrate  e      1 
Calcium nitrate       u 1 
    Diammonium phosphate   i    w 2 
NPK  f i  o,p  u 4 
Super phosphate  e   p   2 
Triple super phosphate  e  N  r  3 
Organics         
    Horse manure       w 1 
    Chicken manure  e,f  N o  u,w 4 
Cow manure  e,f   p  u,w 3 
Molasses (sugar waste)       w 1 
Pig manure       u,w 1 
Urea  e,f i N o r u,w 6 
Number of fertilizers - 8 3 3 5 2 11  
 CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
 † Lower case letters refer to publications listed in Table 1 
 2.3. Pesticides 
Twenty-nine different pesticides were identified (Table 4). These compounds are mainly used to 
treat fungal and parasitic infections in the cultured species, to kill unwanted organisms entering 
the system within the inflow water, and to kill pests and predators when ponds cannot be drained 
completely before stocking. The main fungicides mentioned in the reviewed publications were 
malachite green, copper sulphate, methylene blue and trifluralin (Table 4). Malachite green is also 
used as a powerful bactericide (Hernando et al., 2007), but its use in food producing activities has 
been recently banned in many countries (e.g. China, Vietnam, EU, USA, Canada) due to its 
attributed carcinogenic properties (Yang et al., 2007; Pérez-Estrada et al., 2008). Organic 
fungicides have been demonstrated to be from moderately to highly toxic to aquatic 
invertebrates, fish and primary producers depending on their specific mode of action (Maltby et 
al., 2009). Inorganic fungicides such as copper sulphate have been demonstrated to be highly toxic 
to planktonic organisms (De Oliveira-Filho et al., 2004), and its over-use in aquaculture may result 
in human health issues due to copper bioaccumulation in the cultured species (Li et al., 2005). 
Insecticides are mainly used to control ectoparasitic infections, in finfish aquaculture, and to kill 
crustaceans remaining before stocking ponds in shellfish aquaculture. The most common 
insecticides used are the organochlorine endosulfan, the organophosphate trichlorfon, and its by-
product dichlorvos (Table 4). Several studies (Ludwig,  1993; Qin and Dong, 2004) have assessed 
the toxicity of trichlorfon on zooplankton species (rotifers, cladocerans and copepods) showing 
that these organisms are highly sensitive to the concentrations recommended to be used in finfish 
treatments (300 μg/L) in countries like Thailand (Tonguthai, 2000) and China (Yulin, 2000). The 
sensitivity of different taxonomic groups of aquatic organisms has been investigated for a range of 
insecticides comparing toxicity data derived in laboratory and semi-field experiments, 
demonstrating that aquatic crustaceans and insects are the most sensitive taxa of non-target 
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organisms potentially affected by residual concentrations of these compounds, followed by fish 
(Maltby et al., 2005).  
 
Table 4. Pesticides used in Asian aquaculture
†
.  
Pesticides (n = 29) CH IN VN ID TH BD PH No. Countries 
Fungicide         
Acriflavine     o t  2 
Copper sulphate a,b e g,k,m  p   4 
Fentin acetate    n   w 2 
Malachite green‡ a,b,c f i n o,p t u 7 
Methylene blue a   n  r,t  3 
Nystatin a       1 
Trifluralin  e   o,p  u 3 
Herbicide         
2,4-D  e     u 2 
Dalapon  e      1 
Diuron  e      1 
Paraquat  e      1 
Simazine  e      1 
Insecticides         
Organochlorines         
Endosulfan  f i,m n p  u,w 5 
Lindane  e      2 
Organophosphates         
Azinphos-methyl       u 1 
Chlorpyrifos  f      1 
Diazinon       u 1 
Dichlorvos  e i,m  o,p   3 
Dimethoate  f      1 
Fenitrothion      s,t  1 
Malathion  e,f    t  2 
Monocrotophos  f      1 
Trichlorfon a,b  i,j,m  p g,t w 5 
Pyrethroids         
Deltamethrin   i,m     1 
Piscicides         
Aluminium phosphide      g  1 
Nicotine       u,w 1 
Oil cake  e      1 
Rotenone  e g,j,m   g u 4 
Saponin (teaseed cake)  e g,j,m n o,p g u,v,w 6 
Number of compounds 5 18 8 5 8 9 11  
CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
† Lower case letters refer to publications listed in Table 1 
‡ Currently banned for use in aquaculture in most Asian countries 
A few piscicides such as rotenone and saponin compounds are commonly used in shrimp culture 
to kill fish entering with the inflow water before stocking, while saponin also has been used to 
induce moulting in shrimp production (GESAMP, 1997; Boyd and Massaut, 1999). Ling (2003) 
highlighted that the application of rotenone to kill fish in aquaculture ponds often causes a 
significant decline of zooplankton abundance, with cladocerans and copepods being the most 
sensitive invertebrate groups. The use of herbicides to kill submerged and floating weed has only 
been reported in India (Table 4).   
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2.4. Disinfectants 
A wide range of disinfectants are used in intensive aquaculture, particularly in finfish and shrimp 
hatcheries and grow-out ponds, to disinfect the culture facilities and equipment, to maintain 
hygiene throughout the production cycle and also  to treat bacterial disease outbreaks. The most 
commonly used disinfectants are formaldehyde, potassium permanganate, chlorine releasing 
compounds (e.g. calcium hypochlorite, sodium chloride, benzalkonium chloride), and iodine (Table 
5). Formaldehyde is frequently used to kill filamentous bacteria in fish and crustaceans grow-out 
ponds and hatcheries, and is also used at a higher concentrations to treat fungal and ectoparasitic 
infections of protozoans and trematodes in finfish production (Boyd and Massaut, 1999). 
Potassium permanganate is a strong oxidizing agent used as a broad-spectrum disinfectant in 
finfish and shellfish production, but can also be used to treat fungal infections and as a piscicide 
during pond preparation between production cycles. Chlorine gas and powdered forms such as 
calcium hypochlorite and sodium hypochlorite are used to disinfect the water supplies in fish and 
shrimp hatcheries and for water and sediment disinfection between production cycles. Sodium 
chloride is used for removal of external parasites and fungi from adult fish. Quaternary ammonium 
compounds such as benzalkonium chloride are used in finfish and shellfish production to treat 
bacterial, protozoan and monogenean infections and as fungicides in shrimp hatcheries. Iodine 
and iodophores such as povidone-iodine are frequently used in egg disinfection (Boyd and 
Massaut, 1999), and ozonation has been recognized as one of the most important methods of 
disinfection in shrimp hatcheries (GESAMP, 1997).  
Table 5. Disinfectants used in Asian aquaculture
†
.  
Disinfectants (n = 21) CH IN VN ID TH BD PH No. Countries 
Benzalkonium chloride a f i,j,k,l,m  o,p g,s,t u 6 
Calcium hypochlorite  a,b,c e i,k,m  o,p  u,w 5 
Calcium peroxide c       1 
Calcium sulphide       u 1 
Chlorine  a  i,j,l n o t  5 
Chlorine dioxide b,c       1 
Copper chloride a    p   2 
Copper complex solution b  i,m  o  u 4 
DDAB  f      1 
Formaldehyde b,c e,f i,j,m n o,p g,t v,w 7 
Hydrogen peroxide   i  p t  3 
Iodine b e,f i  o  u 5 
Ozone     p   1 
Potassium monopersulphate   k    u 2 
Potassium permanganate a,b e i,j,k,m n o,p g,r,s,t u 7 
Potassium thiosulphate   i,m     1 
Povidone-iodine  a,b,c  i,k,m     2 
Sodium cyanide       w 1 
Sodium dichloroisocyanurate b       1 
Sodium hypochlorite     o  u 2 
Trichloroisocyanuric acid c       1 
Number of compounds 13 6 11 3 11 5 10  
CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
† Lower case letters refer to publications listed in Table 1 
DDAB: didodecyldimethylammonium bromide 
Overall, aquaculture disinfectants are moderately to highly toxic to planktonic and 
macroinvertebrate species with acute L(E)C50 ranging between 1 to 100,000 μg/L (ECOTOX, 2010). 
They are, however, characterized by a high solubility and a rather low persistence in the aquatic 
environment. Tišler and Zagorc-Končan (1997) demonstrated that formaldehyde may be harmful 
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to phytoplanktonic organisms and crustaceans at concentrations required to treat bacterial 
infestations in fish (Tonguthai, 2000). In addition, chlorine disinfectants (e.g. calcium or sodium 
hypochlorite) react with organic matter, giving rise to significant concentrations of organic 
chlorine compounds such as halogenated hydrocarbons, which are highly toxic for aquatic life and 
can become persistent environmental contaminants (Emmanuel et al.,  2004). 
2.5. Antibiotics 
The review revealed thirty-six different antibiotics that were used in aquaculture in the seven 
major production countries (Table 6). Antibiotics are routinely applied in bath treatments or mixed 
with feed to prevent (prophylactic use) and treat (therapeutic use) bacterial infections. 
Oxytetracycline and chloramphenicol have been reported to be used in all seven countries in the 
past years, but the later one has been recently banned for its application in aquaculture in most of 
the Asian countries. Tetracycline and quinolone antibiotics are the most commonly used antibiotic 
groups together with sulfonamides, the latter typically potentiated with trimethoprim (Table 6). 
Vietnam and China showed the highest number of reported types of different antibiotics with 31 
and 17 being used respectively. Countries such as Indonesia and Bangladesh, which are 
characterized by a more fragmented aquaculture industry with a lower degree of intensification in 
culture practices showed less diverse antibiotic use in terms of number of compounds (Table 6).  
The occurrence and effects of antibiotics in aquatic ecosystems has received increasing attention 
by scientists in the recent years, not only due to aquaculture-induced pollution but also due to 
their heavy use in other animal husbandry activities and in human medicine (see Halling-Sörensen 
et al., 1998; Boxall et al., 2004; Sarmah et al., 2006; Kümmerer, 2009; Santos et al., 2010). 
Antibiotics are most toxic to microorganisms and primary producers (Jones et al., 2002; Zounková 
et al., 2011). Several toxicological studies have shown that, in general terms, aquaculture 
antibiotics are not particularly toxic to invertebrates and fish at environmentally relevant 
concentrations (Wollenberger et al., 2000; Isidori et al., 2005; Park and Choi,  2008; Zounková et 
al, . 2011). However, Wollenberger et al. (2000) observed long-term effects in invertebrates (i.e., 
reproduction disruption in daphnids) at relatively low concentrations of oxolinic acid (NOEC = 380 
μg/L). Several studies have demonstrated that concentrations toxic to micro algal growth are 
generally 1 or 2 orders of magnitude below those of invertebrates (Halling-Sörensen, 2000; Isidori 
et al., 2005; Park and Choi, 2008; Lai et al., 2009a). Among the phytoplanktonic communities, 
blue-green algae have been found to be the most sensitive taxonomic group to antibiotics 
(Halling-Sörensen et al., 2000; Robinson et al., 2005; Brain et al., 2008), probably due to their 
morphologic resemblance with the target bacteria.  
Antibiotic pollution may result in indirect effects on both invertebrates and vertebrates since 
algae constitute the basis of the food chain and a decrease in their production might indirectly 
affect the entire aquatic food web. In addition, several studies have demonstrated that antibiotic 
pollution affects water quality parameters and the structure of natural bacterial communities, 
resulting in effects on endpoints describing functional processes of aquatic ecosystems such as 
nitrification and organic matter mineralization (Klaver and Mathews, 1994; Näslund et al., 2008; 
see Tello et al., 2010 for further discussion). On the other hand, an important concern on the use 
of antibiotics is the development of resistant strains of bacteria, which can compromise treatment 
effectiveness and public health by means of antibiotic-resistant bacteria transfer to consumers. 
The studies by Tendencia and De la Peña (2001) and  Le et al. (2005) have reported the presence 
of antibiotic-resistant bacteria in shrimp farms which used antibiotics regularly in Philippines and 
Vietnam, respectively. Furthermore, the environmental release of large quantities of antibiotics 
has the potential to result in high levels of bioaccumulated residues through the aquatic food 
chains, eventually leading to secondary effects in top-predators (e.g. mammals and birds) 
(Cabello,  2006).  
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Table  6. Antibiotics used in Asian aquaculture
†
. 
Antibiotics (n = 36) CH IN VN ID TH BD PH No. Countries 
Aminoglycosides         
Gentamycin c  h,i,j,m  p,q   3 
Kanamycin   j,k     1 
Neomycin  e h,j n    3 
Streptomycin a  i,j n    3 
Beta-lactams         
Amoxicillin   j,k   t  2 
Ampicillin c  h,j,k,m     2 
Penicillin a,b       1 
Macrolides         
Erythromycin a,c  i n o  u,v 5 
Nitrofurans‡         
Furaltadone   h,i,m     1 
Furazolidone a e     u,v 3 
Nifurpirinol  e  n   u 3 
Nitrofurazone  e i  o   3 
Quinolones         
Ciprofloxacin c  i,j  p,q   3 
Enrofloxacin c  h,i,j,k,m n p,q   4 
Flumequine   h,j     1 
Norfloxacin c  h,i,j,m  p,q   3 
    Ofloxacin   j     1 
Oxolinic acid a,c  h,j,m  o,p,q g u,v 5 
Sulfonamides         
Sulfachloropyridazine   h     1 
Sulfadiazine  e i,j,k   t  3 
Sulfadimethoxine   j     1 
    Sulfadimidine   j     1 
Sulfamethazine c  j  p,q   3 
Sulfamethoxazole c  h,j,m   t u 4 
Sulfamonomethoxine     o   1 
Tetracyclines         
    Tetracycline   i  p,q  u 3 
Chlortetracycline a,b e j  p,q s,t  5 
Doxycycline a e j,k   g u 5 
Oxytetracycline b,c e,f g,i,j,k n o,p,q g,s,t u,v 7 
Others         
Chloramphenicol ‡ a,c e,f i n p,q g u,v 7 
Colistin   h,i,j,k,m     1 
Florfenicol   j,k     1 
Metronidazole   m     1 
Rifampicin c      u 2 
Trimethoprim  e h,i,j,k,m  p,q t u 5 
Number of compounds 17 10 31 7 14 9 11  
CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
† Lower case letters refer to publications listed in Table 1 
‡ Currently banned for use in aquaculture in most Asian countries 
 
2.6. Other feed additives, hormones, vaccines, anaesthetics and probiotics 
Several compounds were found to be applied mixed with feed to ensure optimal diet quality and 
improve the immunological status of the cultured species. These include several vitamins and 
mineral premixes as well as essential fatty acids, amino acids, and polysaccharides with growth-
promoting effects (Table 7). In addition, in China and Vietnam, aquaculture farmers frequently 
use specific local herbs and garlic to enhance the immunological status of the cultured species. 
Different to other feed additives (e.g. antibiotics), these compounds are expected to be highly 
metabolized by the cultured species and are not expected to result in significant environmental 
impacts (Anderson, 1992). The reviewed publications showed that oral administration of the 
synthetic steroid hormone 17-α-methyl-testosterone in hatcheries to produce monosex tilapia is 
widely practiced in south-east Asia and their potential endocrine disrupting effects on aquatic 
organisms receiving effluents of hatcheries still requires further in-depth studies.  
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 The use of vaccines (against Vibrio infections) in shrimp has only been reported in Thailand (Table 
7). As anticipated by Grisez and Tan (2005), vaccination is expected to increase in Asian 
aquaculture in the near future. The use of anaesthetic compounds has been reported in India, 
however it is limited to a few transport operations of broodstock and fish seed (Pathak et al.,  
2000). The use of vaccines and anaesthetics are not expected to result in major environmental 
concerns due their high biodegradability and the low volumes that are used (Grisez and Tan, 
2005; Burridge et al.,  2010).  
Table 7. Immunostimulants, growth promoters, hormone, vaccine, anaesthetic and probiotic use in Asian aquaculture
†
. 
Groups of compounds CH IN VN ID TH BD PH No. Countries 
Aminoacids c  j,k  p  u 4 
Anaesthetics  e      1 
Fatty acids  f i,j    u 3 
Hormones     o  u 2 
Local herbs b  g,i,j,k     2 
Minerals  e,f i,j    u 3 
Polysaccharids c  h,i,k  o t  4 
Probiotics c,d f k n p t u,w 7 
Vaccines     o   1 
Vitamins  f i,j,k n o,p s u,w 6 
 CN: China IN: India VN: Vietnam ID: Indonesia TH: Thailand BD: Bangladesh PH: Philippines 
† Lower case letters refer to publications listed in Table 1 
 
The use of probiotic products has been reported in the seven investigated countries (Table 7). 
During the last years, the use of probiotics or ‘beneficial’ micro-organisms has been widespread 
over aquaculture producing countries in order to improve water quality and the immunological 
status of the cultured species and has been considered as a more environmentally safe alternative 
to the prophylactic use of antibiotics (Decamp et al., 2008; Wang et al., 2008). Qi et al. (2009) 
provided a detailed review of the current status of the probiotics used in aquaculture in China and 
identified at least six different groups ranging from photosynthetic and nitrifying bacteria to 
micro-organisms for nutritional and enzymatic contribution to the digestion in the cultured 
species. The use of probiotics or biological products is likely to interfere with the natural bacterial 
composition in aquatic ecosystems. However, due to their relatively recent introduction in Asian 
aquaculture, their specific chemical composition and potential environmental impacts have not 
been extensively investigated.  
2.7.  Control of chemical use in Asian aquaculture 
During the last decade, the responsible use of chemicals in Asian countries has been questioned. 
Several studies have pointed out that some farmers frequently lack trained work-force and 
institutional support on how to use chemicals. The insufficient knowledge on disease diagnosis 
and mode of action of these compounds, especially among smallholders, is of major concern 
(Pathak et al., 2000; Holmström et al., 2003; Faruk et al., 2005). In many cases, this is related to 
the fact that the information displayed on chemical labels is insufficient (e.g. leaving out the name 
of the active ingredient or the recommended dosage) or written in foreign languages, and several 
farmers have reported problems understanding them (Gräslund et al., 2003; Faruk et al., 2005). 
This often makes farmers reliant on information obtained by discussions with fellow farmers 
rather than the recommendations prescribed by chemical companies (Le and Munekage, 2004; 
Faruk et al., 2005). Furthermore, several studies have shown that in many rural areas aquaculture 
farmers are highly influenced by extensive promotional programmes carried out by chemical 
retailers/agents in order to increase their sales (Tonguthai, 2000; Faruk et al., 2008), contributing 
to an excessive and inappropriate use of chemicals. 
The misuse of several aquaculture drugs (in particular antibiotics) has resulted in several export 
bans established by EU and US to farmed aquatic products from some Asian countries such as 
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China, Bangladesh, Indonesia and Vietnam (Hernández Serrano, 2005). In most cases, residual 
concentrations of banned compounds (i.e., chloramphenicol, nitrofurans, malachite green) were 
detected in shrimp (Vass et al., 2008). The economic losses for international exporters and 
governments and the recognized human health hazards of consuming antibiotic residues has 
supported the establishment of several food safety controls at the National level as well as in the 
private sector. This trend has encouraged farmers to search for reliable alternatives to antibiotic 
use, such as for example probiotics (Wang et al., 2008) and vaccines (Grisez et al., 2005), and/or 
has resulted in more cautious use of antibiotics i.e., respecting the withdrawal periods, use of 
chemicals that are not banned in importing countries due to food safety issues. Although there is 
a logical trend to prevent humans being exposed to residues of antibiotics, considerable amounts 
of these compounds are expected to be released in surrounding ecosystems during and after the 
treatment period (Anh et al., 2010) and, hence, their potential environmental hazard still requires 
further investigations.   
The aquaculture industry of Asia has grown faster than the associated development of legal 
instruments regulating production and importation of aquaculture chemicals. To date, regulatory 
frameworks concerning aquaculture chemicals in countries of Asia are very diverse. Authorisation 
of compounds frequently relies on tests assessing the efficacy and safety of the active ingredients 
on the cultured species, the safety of the chemical to human health (e.g. establishing Maximum 
Residue Limits) and, in a few cases, evaluating the toxicological effects of the compound using a 
limited number of non-target standard test species (Van Houtte, 2000). The division of tasks and 
responsibilities among different agencies (e.g. public health and food safety, agriculture, animal 
health services, environment) and the lack of a standardized management programme covering 
the chemical registration and further evaluation processes contribute to the weakness of their 
legal and institutional frameworks (Van Houtte, 2000). The sustainability of the aquaculture sector 
requires the development of new national policies and regulations, and the continuous 
monitoring and enforcement of such regulations at a farm level. Aside from the national 
regulations, government initiatives, private institutions and NGOs have developed national and 
international certification schemes to ensure environmentally and socially responsible 
aquaculture production (see Corsin et al., 2007). Farmers participating in certification 
programmes must comply with standards that frequently include criteria on chemical storage, 
usage, disease management, and occupational health and safety, as well as mitigating measures 
of environmental pollution (e.g. establishment of waste-water treatment systems). Inspections 
carried out by certification schemes play an important role in controlling that veterinary drugs 
and chemicals are used according to manufacturer’s instructions, with particular attention to 
withdrawal periods and the use of banned compounds. However, these certification schemes 
have been developed for a reduced number of high-value species and the costs of paying the 
application fees and/or meeting some of the established standards are often unaffordable by 
small holders (Anh et al., 2011). Therefore, they are principally established in medium to large-
scale farms and/or farms with considerable export shares (Boyd et al., 2005; Corsin et al.,  2007).  
In the latter years, several international organizations have organized workshops and delivered 
technical reports to support the increase of social awareness on the impacts of aquaculture 
chemicals on the environment and human health (e.g. Barg and Lavilla-Pitogo, 1996; GESAMP, 
1997; Hernández Serrano, 2005; WHO, 2006; Bondad-Reantaso, 2010). However, the relationship 
between current chemical use patterns, Asian aquaculture scenarios and potential effects on 
aquatic ecosystems health has not been properly investigated, and is not considered as part of 
the chemical registration procedures in developing countries. To achieve this, there is a need to 
involve industry, regulatory authorities, and the academic community in the development and 
implementation of environmental risk assessment (ERA) tools that allow the identification of the 
environmental risks posed by different (old and new) chemical applications in aquaculture 
production. In contrast, in several developed regions such as North-America and Europe, the 
potential environmental risks posed by the use of chemical products in aquaculture production 
have been largely recognized. In the next section, a brief introduction to the regulatory 
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classification and risk assessment methods used in EU for substances applied in aquaculture 
production will be provided. 
 
3. ERA for aquaculture chemicals in EU 
 
3.1. Regulatory classification of aquaculture chemicals 
Chemical regulatory frameworks established in developed countries (i.e., EU countries, USA), 
generally classify environmentally hazardous chemicals according to their intended mode of use. 
For instance, the EU Directive 2001/82/EC (EU, 2001) on the marketing authorisation for 
veterinary medicines defines Veterinary Medicinal Products (VMPs) as any substance or 
combination of substances used to prevent or treat diseases and/or to modify physiological 
functions in farmed animals. VMPs therefore include antibiotics, parasiticides, anaesthetics, 
vitamins, growth promoters and medical disinfectants. Conversely, other chemicals used in animal 
husbandry, disinfectants and pesticides aiming at killing unwanted organisms in the equipment or 
in culture facilities, which are not intended to act directly in or on the cultured species are 
regulated according to the Biocides Directive (98/8/EC) in the EU (EU, 1998).  
Given the potential environmental risks of these two groups of compounds, ERA studies are 
nowadays implemented in the regulatory frameworks by incorporating a scientific weight-of-
evidence process that relates chemical use patterns and aquaculture practices with potential risks 
for surrounding aquatic ecosystems (Redshaw, 1995; Costello et al., 2001; Koschorreck et al., 
2002). Thus, market authorizations are provided to those compounds that ensure maximal 
efficacy for treating or preventing cultured species diseases and are not expected to result in 
unacceptable human health and environmental risks. ERA guidelines have been set for VMPs and 
biocides. The reader is referred to ECB (2003) for a guidance document on the ERA of biocides. 
ERA guidelines for aquaculture VMPs will be described below. Other compounds such as 
fertilizers, probiotics, oxidizing compounds, and liming compounds applied with the intention of 
modifying the environmental conditions of the culture media are not expected to result in 
toxicological risks, but can, however, be considered as precursors of ecological effects. Water 
quality parameters such as pH, dissolved oxygen, Biological Oxygen Demand (BOD), nitrogen and 
phosphorus concentrations, need to be monitored in order to assess the farm compliance with 
the environmental quality standards set for aquaculture effluents (see Boyd, 2003).  
3.2. ERA guidelines for aquaculture VMPs 
In support of the registration of VMPs on the market, the International Cooperation on 
Harmonization of technical requirements for Authorization of Veterinary Medicinal Products 
(VICH), a collaboration by EU, Japan, USA, Canada, Australia and New Zealand, has issued two 
international ERA guidance documents (Phase I and Phase II), with a specific branch dedicated to 
aquaculture (VICH, 2000 and 2004). Some years later, the Committee for Medicinal Products for 
Veterinary use of the European Medicines Agency released a Technical Guidance Document 
(EMEA, 2007), which provides more specific guidance information in accordance to the 
recommendations presented by the VICH guidelines. The VICH Guidelines Phase I consists of a 
straightforward decision tree aimed at estimating the environmental exposure of the substance 
to adjacent aquatic ecosystems. According to this decision tree, the application of products 
resulting in a low environmental exposure level (i.e., substances extensively metabolized in the 
treated animal) will be considered as having low direct environmental risk and have their ERA 
terminated at Phase I. This might, for example, be the case for vitamins and some injected 
vaccines. On the other hand, compounds applied in non-confined aquaculture facilities, like 
parasiticides, and those for which the recommended dose results in a water concentration 
exceeding the cut-off value of 1 μg/L require evaluation at the second phase.  
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Phase II is divided into two tiers (Tier A and B) and aims to determine risk quotients (RQ), which 
are calculated by dividing the predicted environmental concentration (PEC) by the predicted no 
effect concentration (PNEC). Tier A requires the evaluation of a dataset comprising physical-
chemical properties of the compound (e.g. water solubility, Kow), environmental fate studies (e.g. 
degradation in aquatic ecosystems) and acute effect studies on at least three aquatic organisms 
(i.e., one algae, one Daphnid and one fish species) belonging to different taxonomic groups. RQs 
are calculated for every taxonomic group and if any RQ is ≥ 1, guidelines are given to calculate a 
refined PEC by considering several environmental processes and circumstances (e.g. adsorption to 
sediment, temperature and salinity effects). If the RQ remains higher than one, the substance 
needs further evaluation under Tier B (VICH, 2004). 
In Tier B, RQs are calculated with the refined aquatic PECs calculated in Tier A and PNECs derived 
from chronic toxicity studies performed with crustaceans, fish and algae  within the environment 
under study (i.e., freshwater or saltwater). In addition, if the RQ for invertebrates in the Tier A is ≥ 
1, guidance is provided on how to calculate PECs for the sediment and a long-term toxicity study 
on benthic aquatic organisms is required. For highly hydrophobic substances (log Kow > 4), 
environmental fate studies on bioconcentration in fish are also investigated. Finally, if the 
calculated sediment or aquatic RQs are still ≥ 1 and/or the bioconcentration factor for fish is ≥ 
1000, the Technical Guidance Document (EMEA, 2007) introduces the possibility to refine the 
exposure assessment by (1) assessing the degradability of the active ingredient in the actual 
environment under consideration, (2) including toxicokinetic studies, and/or (3) using reliable 
monitoring data, when available. The VICH guidelines assume that non-relevant metabolites 
(excreted metabolites that represent ≤ 10% of the administered dose and do not form part of 
biochemical pathways) are equal or less toxic than the parent compound and, hence, the focus on 
the parent compound will provide a conservative estimation. De Knecht et al. (2009) pointed out 
that studies assessing the environmental fate and effects of metabolites of VMPs are very limited 
mainly due to economic and technical reasons, and they supported the use of alternative 
methods such as QSARs (quantitative structure-activity relationships) and QSPRs (quantitative 
structure property relationships) for these purposes. 
Even though specific guidance on how to refine the effect assessment on surrounding aquatic 
ecosystems has not been provided, the possibility of using toxicity data from other non-target 
organisms and from ecosystem studies is indicated in these guidelines. Probabilistic approaches 
like the species sensitivity distribution concept which include toxicity data for a wide range of 
species have been used in the refinement of PNECs for a wide array of chemicals (Posthuma et al., 
2002). Microcosm and mesocosm experiments have been identified as promissory tools in the 
derivation of higher-tier threshold concentrations for VMPs since they allow testing ecological 
impacts under more realistic exposure patterns, considering direct and indirect effects and 
recovery of initial effects, not only at a species level, but also at a community level (Van den Brink 
et al., 2005). On occasion, higher-tier marine investigations have been performed by using highly 
limited and controlled amounts of aquaculture chemicals under full commercial use conditions 
(Telfer et al., 2006). This allows a range of field investigations including measurements of water 
quality parameters and environmental concentrations and distribution of the parent compound 
and their primary metabolites in a number of sentinel organisms. In addition, the short and long 
term effects of chemicals on pelagic and/or benthic communities can also be assessed (Willis et 
al., 2005; Telfer et al.,  2006).  
4. Research needs for the ERA of aquaculture chemicals in Asia 
4.1. Information on chemical use 
Only nine of the twenty-three (39%) reviewed studies report quantitative information on dosage 
and frequencies of chemical application (Table 1). The available data are mainly based on 
recommendations provided by chemical producing companies rather than actual application 
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dosages, and focus on pond grow-out systems, whereas hatcheries, nurseries and cage-based 
farming systems are misrepresented. Furthermore, most of the information presently available 
was collected several years ago and is of limited relevance given the fast development of the 
sector and the new trends in aquaculture production (e.g. displacement of antibiotic treatments 
by biosecurity preventive measures or probiotics). Moreover, in the context of vibrant chemical 
supplies, the changing attitudes of Asian aquaculture famers towards chemical use are not well 
evidenced. It is necessary to collect updated and accurate information on (1) farmers knowledge 
and attitudes towards the use of chemicals, (2) names of active ingredients that are currently 
used, their mode of application and their actual quantities applied by farmers as well as scenario-
specific description parameters (e.g. water volume of ponds, dilution factors to the surrounding 
environment), and (3) information on aquaculture management practices (e.g. frequency of 
effluent discharges, pre-treatment or post-treatment of effluents). This information is crucial for 
developing exposure scenarios for aquatic ecosystems and performing site-specific risk 
assessment studies.  
4.2.  Environmental exposure assessment 
Environmental models that aim at estimating the environmental fate and distribution of chemical 
residues released from different aquaculture production systems are essential tools in 
prospective risk assessment studies. Whereas a number of modelling tools for calculating release 
and environmental distribution of particulate organic matter and veterinary medicines or 
chemicals used in marine cage aquaculture have been developed (e.g. Henderson et al., 2001; 
SEPA, 2003; Mente et al., 2006), those for inland pond and cage aquaculture systems are scarce. 
The VICH guidelines for assessing environmental risks of VMPs described above provide useful 
guidance to conduct exposure assessments. They are, however, not developed in detail, and 
specific characteristics of different aquaculture production systems are not properly addressed. 
Metcalfe et al. (2009) provide detailed technical advice and a useful list of simple algorithms for 
the calculation of lower-tier PECs of veterinary medicines applied in several production systems 
(i.e., baths or in medicated feeds in self-contained facilities or ponds, net pens and cage systems, 
flow-through systems, and recirculating systems). Phong et al. (2009) have developed a useful 
model based on mass-balance equations for estimating concentration of antibiotics (i.e., 
oxytetracycline and oxolinic acid) in fish ponds by adapting a pesticide fate model designed for 
rice paddy fields to typical aquaculture practices of south-east Asia. In a broader scale study, Rose 
and Pedersen (2005) simulated the environmental behaviour and fate of oxytetracycline in the 
water column and sediments of streams receiving effluent discharges from fish hatcheries in the 
US using the mass-balance simulation model WASP (Ambrose et al., 1993). Improved modelling 
tools should be developed that can include specific characteristics of different aquaculture 
scenarios of Asia (e.g. higher temperatures) as well as the temporal and spatial variability of 
environmental discharges in the calculation of peak and time-weighted average environmental 
concentrations.  
Furthermore, the potential mixture of several compounds in the environment and the 
metabolism of aquaculture chemicals in the cultured species need to be considered when 
developing higher-tier exposure assessments. Reimschuessel et al. (2005) have constructed a 
database of drug metabolism studies in aquatic species based on more than 400 publications 
which facilitates the search of pharmacokinetic data for, among others, different species, culture 
environments, chemical dosages and modes of administration. This database, however, is mostly 
populated with studies performed with antibiotics in aquatic species cultured in temperate-cold 
regions (e.g. salmon, channel catfish and rainbow trout). The use of pharmacokinetic parameters 
calculated for different species and/or under different environmental conditions, such as water 
temperature and salinity, may lead to inaccurate approximations. Therefore, there is a need of 
developing more studies on the metabolism of aquaculture drugs in the warm-water species 
cultured in Asia, with especial emphasis on those used as antiparasitic and antimicrobial 
treatments. 
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Most of the available degradation and fate data for chemicals that is needed for developing 
exposure assessments have been derived using standard guidelines proposing the use of 
environmental conditions typical of temperate regions (e.g. temperatures of 20°C). However, 
tropical aquatic ecosystems are characterized by higher temperatures, radiation intensity and 
microbial activity (Daam and Van den Brink, 2010). Higher temperatures are expected to result in 
higher dissipation rates of chemicals since solubility, hydrolysis and vaporization are potentiated 
(see Sánchez-Bayo and Hyne, 2011 for pesticides). In addition, higher photodecomposition and 
microbial activity are also expected to contribute to a faster degradation of chemicals under 
tropical conditions. The study by Lai et al. (2009b) suggests that some antibiotics (i.e., oxolinic acid 
and flumequine) may degrade faster under the intense radiation conditions of tropical regions 
and, hence, parameters such as irradiation and water turbidity should be considered in the 
derivation of refined exposure concentrations for (sub)tropical aquatic ecosystems. Choo et al. 
(1994) found that the half-life time of the antibiotic oxytetracycline hydrochloride was 5 times 
higher in saltwater than in freshwater, using the same temperature, pH and light regime. These 
studies support the need of assessing fate and degradation parameters of chemicals for specific 
environmental conditions of the scenario under study. When such data is not available, at least 
differences between the environmental conditions of the original experimental set-up and the 
study area should be taken into account when performing exposure assessment studies.  
Environmental monitoring studies of aquaculture chemicals have focused on assessing the 
environmental concentrations in water and sediments from marine (e.g. Coyne et al., 1994; 
Capone et al., 1996; Haya et al., 2005; Telfer et al., 2006) and freshwater aquaculture (e.g. 
Lalumera et al., 2004; Dietze et al., 2005; Boxall et al., 2006a) in temperate regions, with the 
largest emphasis being on antibiotics compounds and sea-lice treatments used in salmon 
aquaculture. Only one study was found to be available in the peer-reviewed literature relating 
chemical use with measured environmental concentrations of those chemicals in adjacent aquatic 
ecosystems in the (sub)tropical Asian region (Le and Munekage, 2004). Le and Munekage (2004) 
analyzed concentrations of four antibiotics (trimethoprim, sulfamethoxazole, norfloxacin and 
oxolinic acid) in drainage canals and shrimp ponds in Vietnam. The peak measured concentrations 
for these four compounds ranged between 1,040 and 2,500 μg/L in water and between 426 and 
2,616 mg/kg in sediments (wet weight). Monitoring studies may provide primary data for 
developing retrospective risk assessment studies as well as for the validation of exposure models 
used in prospective analysis. Further research needs to focus on assessing the distribution and 
fate of aquaculture chemicals in aquatic ecosystems receiving aquaculture-induced chemical 
pollution in Asian countries with emphasis on aquaculture pond and cage systems with 
considerable water exchange. 
4.3.  Biological effects assessment 
According to the VICH guidelines, lower-tier safe environmental concentrations for aquatic 
ecosystems must be derived from acute and chronic toxicity data for algae, crustaceans and fish 
which are characteristic of the environmental conditions of the region of use. For the calculation 
of toxicity data, a number of international standardized methods such as OECD guidelines for 
freshwater experiments (OECD, 1992) and ISO guidelines for saltwater experiments (ISO, 1995 
and 1999) are proposed. However, these test procedures have been mainly developed for a 
limited number of aquatic standard test species and most toxicity databases are currently 
populated with toxicity data for aquatic species characteristic of temperate ecosystems. The 
feasibility of the temperate-tropical extrapolation of toxicity data has been studied by several 
authors comparing sensitivity of tropical and temperate aquatic ecosystems to mostly pesticides 
using results of laboratory and semi-field experiments (see Rico et al., 2011 and references 
therein). These studies support the initial use of temperate toxicity data for the ecological risk 
assessments in the tropics. However, due to the limited number of ecotoxicological studies 
available for aquaculture disinfectants and antibiotics, a large uncertainty remains for these 
compounds and further research should address these data gaps. Furthermore, most available 
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data on the toxicity of aquaculture chemicals to aquatic life is for freshwater organisms (Gräslund 
and Bengston, 2001), and their use in ecological risk assessments for marine environments may 
be disputable. Wheeler et al. (2002) compared species sensitivity distributions of freshwater and 
saltwater species and showed that, for pesticides and narcotic compounds, saltwater species 
tended to be more sensitive than freshwater organisms. On the contrary, the comparison of 
species sensitivity distributions comparisons performed by De Zwart (2002) and Maltby et al. 
(2005) based on toxicity data of crustaceans for several insecticides did not demonstrate 
significant differences. Since marine toxicity datasets are also mainly composed by temperate 
organisms, a research gap remains in assessing whether temperate marine toxicity data will result 
in a sufficient protection level for tropical marine ecosystems.  
In order to get a better estimation of the potential toxicological risks of aquaculture chemicals for 
aquatic ecosystems adjacent to Asian aquaculture farms, further ecotoxicological studies should 
focus on the assessment of the effects of aquaculture chemicals on indigenous species. For this, 
international guidelines should be adapted to the environmental characteristics of the ecosystems 
under study (e.g. Satapornvanit et al., 2009; Rico et al., 2011), and sensitive species suitable for 
the monitoring of aquaculture-induced chemical pollution should be identified. Additionally, 
model ecosystem studies including sensitive endpoints relating to the specific mode of action of 
the studied compounds (e.g. studies on microorganism communities and primary producers for 
antimicrobials, studies on invertebrate communities for parasiticides) are recommended in order 
to get a better understanding on the potential effects of these chemicals on the structure and 
functioning of tropical ecosystems. These studies will contribute to the derivation of refined 
threshold concentrations, which in turn may serve to validate the use of lower-tier PNECs 
calculated with single-species toxicity data. Furthermore, since aquaculture farmers often rely on 
more than one chemical per production cycle (e.g. Gräslund et al.,  2003) or use products that 
contain a combination of two or more different active ingredients, aquatic ecosystems are likely 
to be exposed to mixtures of compounds, potentially becoming more complex in aquaculture 
clustered areas. Christensen et al. (2006) studied the combined ecotoxicological effects of 
mixtures of antibiotics used in aquaculture, showing potential synergistic and additive effects on 
freshwater algae, activated sludge microorganisms and luminescent bacteria for several binary 
combinations of antibiotics and supporting the need to take mixtures into account in 
environmental hazard assessments. Drainage canals and streams receiving aquaculture effluents 
are likely to be exposed to different stressors co-occurring at the same time (e.g. veterinary 
medicines and nutrients co-existing with situations of dissolved oxygen depletion) and to stressors 
occurring in successive intervals (e.g. veterinary medicines) (Tello et al., 2010). Future research 
must consider multi-stress situations in aquatic ecosystems, also considering other pollutants (e.g. 
agricultural, industrial and urban chemical residues) in areas that are not only impacted by 
aquaculture activities. 
5. Conclusions 
The present study shows that there is a long list of chemicals and biological products that have 
been used over the last years in aquaculture production in Asia. Among them, disinfectants, 
pesticides and antibiotics have been demonstrated to be the most environmentally hazardous 
compounds due to their high toxicity to non-target organisms and/or potential for 
bioaccumulation over tropic chains, and can potentially affect biodiversity and functioning of 
adjacent aquatic ecosystems. Government and public awareness about chemical use in Asian 
aquaculture currently focus on risk-benefit analysis dominated by economic and food safety 
issues, whereas the potential risks for ecosystem health are not properly addressed. As 
aquaculture production is expanding and intensifying in Asia, it is envisaged that environmental 
concerns about the impacts of aquaculture chemicals in surrounding ecosystems will increase in 
the coming years, constituting a key issue in the assessment of the environmental sustainability of 
the sector. It is the responsibility of governments to integrate ERA studies in the market 
registration of potentially hazardous chemicals, as already implemented in several developed 
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countries. In this regard, the VICH guidelines described in the present study may serve as starting 
point for assessing environmental impacts caused by aquaculture-induced chemical pollution in 
Asia. Industry, academia and regulators have a shared responsibility to work together in the 
development and expansion of the knowledge which underpins the ERA for chemicals used in 
Asian aquaculture. There is now an urgent need to collect up-to-date quantitative information on 
chemical use associated to several aquaculture practices that can influence the distribution and 
fate of chemicals in the environment. Environmental risk assessment modelling tools need to be 
developed for specific production systems, with especial emphasis on pond and cage aquaculture, 
and should take into account specific aquaculture production scenarios (e.g. clusters or isolated 
farms), their interaction with the outside environment (e.g. relation between chemical 
applications and effluent discharges), and the effect of specific environmental characteristics 
interfering with the distribution and behaviour of chemicals in the aquatic ecosystems (e.g. 
temperature, salinity, dilution in adjacent water bodies). Simultaneously, laboratory and semi-
field toxicity studies should assess the effects of aquaculture chemicals on indigenous non-target 
organisms, while chemical and biological monitoring programs should be implemented to allow 
an empirical evidence of the distribution and impacts of aquaculture pollutants on local aquatic 
ecosystems.  
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Abstract 
This study reports the outcomes of a survey on the use of chemical and biological products in 252 
grow-out aquaculture farms and 56 farm supply shops in four countries in Asia. The survey was 
conducted between 2011 and 2012, and included nine aquaculture farm groups: Penaeid shrimp 
farms in Bangladesh, China, Thailand and Vietnam; Macrobrachium prawn farms, and farms 
producing both Penaeid shrimps and Macrobrachium prawns in Bangladesh; tilapia farms in China 
and Thailand; and Pangasius catfish farms in Vietnam. Results were analysed with regard to the 
frequencies of use of active ingredients and chemical classes, reported dosages, and calculated 
applied mass relative to production. A range of farm management and farm characteristics were 
used as independent variables to explain observed chemical use patterns reported by farmers 
within each group. Sixty different veterinary medicinal ingredients were recorded (26 antibiotics, 
19 disinfectants, and 15 parasiticides). The use of antibiotic treatments was found to be 
significantly higher in the Vietnamese Pangasius farms. However, total quantities of antibiotics, 
relative to production, applied by the Pangasius farmers were comparable or even lower than 
those reported for other animal production commodities. Semi-intensive and intensive shrimp 
farms in China, Thailand and Vietnam showed a decrease in the use of antibiotic treatments. 
These farm groups utilised the largest amount of chemicals relative to production, with feed 
additives and plant extracts, probiotics, and disinfectants, being the most used chemical classes, 
mainly for disease prevention. The surveyed farmers generally did not exceed recommended 
dosages of veterinary medicines, and nationally or internationally banned compounds were (with 
one exception) reported neither by the surveyed farmers, nor by the surveyed chemical sellers. 
Factors underlying the observed differences in chemical use patterns differed widely amongst 
farm groups, and geographical location was found to be the only factor influencing chemical 
ingredient application patterns in the majority of the studied farm groups. 
 
 
 
 
 
This chapter has been published in Aquaculture 2013, 412/413: 231-243.  
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1. Introduction 
The Asian aquaculture sector has grown at a rapid pace during recent decades, and nowadays 
accounts for nearly 90% of the global aquaculture production (FAO, 2012a). Intensification of 
aquaculture practices in Asian aquaculture has often been accompanied by more frequent 
outbreaks of infectious diseases that require therapeutic treatment (Bondad-Reantaso et al., 
2005). Natural and synthetic chemicals such as antibiotics, disinfectants, parasiticides, probiotics, 
and other feed additives have become indispensable inputs to treat and prevent bacterial and 
parasitic diseases, to improve water quality, and/or as growth promoters. The use of these 
substances has contributed to the productivity and growth of the Asian aquaculture sector, but 
has also attracted criticism. Chemical residues in the cultured organisms constitute a potential 
hazard for human consumers (Sapkota et al., 2008; Heuer et al., 2009), and indicate the fallibility 
of national and international food safety controls when they exceed food safety standards (Love 
et al., 2011). Moreover, the continued application of compounds such as antibiotics has been 
associated with the development of drug-resistant bacteria both inside and outside of 
aquaculture facilities (Le et al., 2005), and environmental residues of highly toxic substances, such 
as disinfectants or parasiticides, can exert toxic effects on non-target organisms, contributing to a 
potential degradation of ecosystems receiving aquaculture effluents (Rico et al., 2012a).  
 
The current information on the use of  chemicals and biological products applied by Asian farmers 
is very limited, or even unavailable for some important aquaculture species (Rico et al., 2012a). 
The Food and Agriculture Organization (FAO) reports the outcomes of a survey performed during 
2009 on the use of aquaculture medicinal products on 12 different aquatic species groups, with 
special focus on four major aquaculture-producing countries in Asia (China, Philippines, Thailand 
and Vietnam) (Alday-Sanz et al., 2012). The outcomes of this survey show high frequencies of use 
for some Asian species groups (e.g. Pangasius, shrimp), and a greater availability of veterinary 
medicinal products  in Asian markets compared to other regions (Alday-Sanz et al., 2012). 
However, with some exceptions, these data and other published data (see review by Rico et al., 
2012a) have limited scope for species and country-specific comparisons, since information was 
collected from different sources and actors in different years, and fail to provide detailed 
descriptions of dosages and volumes applied. The collection of detailed information on the use of 
antimicrobials and other chemical inputs in Asian aquaculture is of crucial importance to evaluate 
their potential risks for human health and for the environment, as well as to evaluate the prudent 
use of such compounds, and their effectiveness for preventing and treating disease outbreaks.  
In the current study we assessed the use of veterinary compounds, feed additives and probiotics 
for four internationally traded aquatic species based on a systematic survey of 252 grow-out 
farms and 56 farm supply shops. The survey covered nine aquaculture farm groups with different 
levels of production intensity, thus potentially showing different chemical use patterns. These 
were: (1) Penaeid shrimps in Bangladesh, China, Thailand and Vietnam, (2) Macrobrachium 
prawns, and concurrent shrimp and prawn production systems, in Bangladesh, (3) tilapia in China 
and Thailand, and (4) Pangasius catfish in Vietnam. This mix of countries and species was selected 
mainly due to their recent great increase in production and trade, both by volume and value (Fig. 
1). The objective of the present study was two-fold. First, to quantitatively assess the current use 
of veterinary compounds, feed additives and probiotics in the aforementioned aquaculture farm 
groups and to compare them in terms of active ingredients used, actual vs recommended 
application dosages, and mass of chemicals applied relative to production. The second objective 
was to try to explain the differences in chemical use patterns observed in each of the studied 
aquaculture farm groups, in order to identify a potential relationship between the chemical use 
patterns and management characteristics of each aquaculture farm group. This was done by 
correlating data on farm-level aquaculture management practices and farm characteristics, with 
the data on chemicals and active ingredients used in the farms. The dataset provided by the 
current study offers the most extensive source of quantitative information on volumes and 
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dosages of chemicals applied in Asian aquaculture, and constitutes a basis for on-going studies 
aimed at: (1) assessing the appropriateness of the chemical use practices to treat and prevent 
disease outbreaks, (2) identifying occupational health hazards, and (3) performing human health 
and environmental risk assessments in each of the studied farm groups. 
  
Figure 1. Trends of (a) production volume and (b) production value over the last decades for the aquaculture species 
included in the present study (Data source: FAO, 2012b). 
 
2. Materials and methods 
2.1. Chemical use interviews 
Information on the application of veterinary compounds, feed additives and probiotics was 
collected between 2011 and 2012 through structured interviews conducted with farm owners, 
managers or technical staff of 252 aquaculture grow-out farms (Table 1). These farms were 
selected as a sub-sample of more than 1,600 farms for which baseline data on aquaculture 
management practices, social and economic aspects had previously been collected in the SEAT 
project Primary Survey (Murray et al., 2013). The studied sub-set of aquaculture farms was 
selected taking into account species group, farm-scale and geographical location as selection 
variables (see Murray et al., 2013 for rationale). This farm selection was directed towards a wide 
representation of different aquaculture practices with a wide geographical spread within the 
study areas. Interviews were also carried out with staff managing aquaculture farm supply shops, 
co-located in the areas where the farms were situated, thereby being likely points of purchase for 
those farmers. The objectives of these interviews were: (1) to be used as a validation step for 
chemicals that may have been under reported, (2) to build a chemical sales inventory to facilitate 
triangulation of the information provided by the farmers, and (3) to collect information on 
recommended dosages displayed on product labels. The characteristics of the surveyed 
aquaculture farm groups, geographical areas, dates of the interviews as well as number of farms 
and farm supply shops interviewed are detailed in Table 1. 
The interviews with the grow-out farmers were conducted using structured questionnaires by 
local staff members experienced with aquaculture and with previous training in collection of 
chemical use data. The questionnaire comprised three sections: (1) respondent characteristics, (2) 
farm characteristics and management practices, and (3) chemical use. For each of the veterinary 
compounds, feed additives and probiotic products used, information was collected with regards 
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to: percentage of the main active ingredient(s) in the formulation used, application purposes and 
methods, dosage, pond water depth and cultured species biomass at the time of application, 
treatment duration, and average number of treatments per culture cycle.  
Table 1. Characteristics of the interviewed farms and chemical use interviews. 
Country Main species Main production system 
a
  Region / Province(s) 
Interview 
dates 
Number 
of farms 
Number 
of supply 
shops 
Bangladesh 
 
Shrimp  
(Penaeus monodon) 
Improved extensive 
(brackish water ponds) 
South-west / Khulna  
June 2011 to 
November 
2011 
24 
 
Shrimp and Prawn 
(Penaeus monodon and 
Macrobrachium 
rosenbergii)  
Improved extensive concurrent 
with rice b 
(brackish/freshwater ponds) 
South-west / Khulna  
June 2011 to 
January 2012 
22 19 f 
Prawn (Macrobrachium 
rosenbergii) 
Improved extensive concurrent 
with rice 
b
 
(freshwater ponds) 
South-west / Khulna  
November 
and 
December 
2011 
20 
 
China 
Tilapia  
(Oreochromis niloticus) 
Intensive and semi-intensive 
polyculture  
(freshwater ponds) c 
South-east / Maoming  
August and 
September 
2011 
25 5 
Shrimp  
(Litopenaeus vannamei) 
Intensive monoculture and 
polyculture 
(brackish water ponds) d 
South-east / Zhanjiang  
October 
2011 
30 5 
Thailand 
Tilapia 
(Oreochromis niloticus) 
Intensive and semi-intensive 
monoculture and polyculture 
(freshwater ponds) 
e
 
Central / Suphanburi, and 
Nakhon Pathom; East / 
Chachoengsao  
September 
2011 to 
March 2012 
31 5 
Shrimp  
(Litopenaeus vannamei) 
Intensive monoculture  
(brackish water ponds) 
East / Chachoengsao and 
Chanthaburi; South / 
Surat Thani  
October and 
December 
2011 
34 4 
Vietnam 
Catfish (Pangasianodon 
hypophthalmus) 
Intensive monoculture 
(freshwater ponds) 
South / An Giang 
Province, Can Tho, Dong 
Thap and Tra Vinh  
October 
2011 to 
February 
2012 
32 9 
Shrimp  
(Penaeus monodon) 
Intensive and semi-intensive 
monoculture  
(brackish water ponds) 
South / Soc Trang and Bac 
Lieu  
December 
2011 to 
February 
2012 
34 9 
Total     252 56 
a For a definition of the production systems see Murray et al. (2013) 
b Tipically co-cultured with fish species (e.g. Hypophthalmichthys molitrix, Catla catla, Labeo rohita) 
c All the interviewed farms cultured tilapia in combination with carps. 
d The 27% of the interviewed farms combined the culture of shrimps with pompano (Trachinotus ovatus), mud crab (Scylla serrata) or 
prawns (Macrobrachium rosenbergii). 
e The 61% of the interviewed farms cultured tilapia in combination with carps. 
f The records obtained from the farm supply shops in Bangladesh could not be exclusively attributed to specific species as they are 
produced in the same area. 
2.2.  Data analysis 
2.2.1. Compound classification  
 
The chemical and biological products were classified into five categories: (1) antibiotics, (2) 
disinfectants, (3) parasiticides, (4) feed additives and plant extracts, and (5) probiotics. The 
parasiticide group also included compounds with biocidal properties (e.g. insecticides), used to kill 
unwanted organisms entering the aquaculture production systems with the inflow water. The 
main active ingredient(s) in each of the reported products was often recorded for antibiotics, 
disinfectants and parasiticides. When it was not available, it was identified by searching the 
reported product name in the sales inventories, and/or by cross checking with published 
literature. Products in the category of feed additives and plant extracts were classified as amino 
acids, herbs, minerals, polysaccharides and vitamins. However, due to the complexity of these 
formulations, the active ingredients were not further identified. For the same reason, the 
bacterial composition of the probiotic formulations was only qualitatively described.  
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2.2.2. Comparison of reported and recommended dosages  
Reported dosages of antibiotic, disinfectant and parasiticide compounds were compared with 
recommended dosages. As farmers typically report dosages in mass of formulated product per 
area unit, the reported dosages were recalculated into standard dosage units (e.g. mg a.i. L-1, for 
compounds applied directly to water, or mg kg-1 body weight of cultured organism, for 
compounds applied mixed with feed) and compared with the recommended dosages recorded 
from the labels of the products sold in the farm supply shops. Where the recommended dosages 
were unavailable, additional information on dosages was obtained from the literature (e.g., Noga, 
1996; Arthur et al., 2000).  
2.2.3. Calculation of chemical mass inputs  
The chemical mass applied per average tonne of harvested produce in each farm group was 
calculated for each active ingredient in the antibiotic, disinfectant and parasiticide categories, for 
each product class in the feed additives and plant extracts category (i.e., amino acids, herbs, 
minerals, polysaccharides, vitamins and other feed additives), and for probiotics. This was done by 
calculating the mass applied of each chemical or product relative to production for each individual 
farm, and multiplying this value by the frequency of farmers that reported their use within the 
farm group. The methodology used for the calculation of the chemical or product mass used 
relative to production for each individual farm is described in the Supporting Information. The 
calculated chemical mass applied was compared with literature data available for other 
aquaculture (salmon) and non-aquaculture commodities. 
2.2.4. Multivariate analysis 
Multivariate analyses were performed in order to assess the differences in active ingredients and 
chemical categories of compounds used among the studied farm groups. A dataset containing all 
the chemicals reported (dependent variables) was used to test the differences between different 
aquaculture farm groups (independent variables) in their chemical use practices. Multivariate 
analyses were also used to explore correlations between the respondent and farm characteristics, 
and the reported differences in chemical use at farm level. Specific chemical use datasets 
(dependent variables) for each of the studied farm groups were prepared in order to test the 
significance of each of the 16  descriptive parameters (independent variables) shown in Table 4 on 
the prevalence of chemical use. These 16 parameters were selected considering their potential to 
influence chemical and biological product management practices. Significance of the correlation 
between the independent variables and the variance in the chemical use datasets was tested by 
performing 499 Monte Carlo permutations by Redundancy Analysis (RDA) using the CANOCO 5 
software package (Ter Braak and Smilauer, 2012). The correlation of the tested independent 
variable was considered significant when p ≤ 0.05, and marginally significant when 0.05 < p < 0.1. 
Individual biplots were constructed for each chemical use dataset including only those 
independent variables that resulted in significant or marginally significant correlations.  
3. Results  
 
3.1. Chemical use in grow-out farms 
 
3.1.1. Antibiotics 
 
The studied farms reported use of a total of 20 different antibiotic compounds. The percentage of 
shrimp farms that reported to use antibiotics in Thailand (2.9%), Vietnam (2.9%) and China (6.7%) 
and the percentage of tilapia farms that reported to use antibiotics in Thailand (9.7%) and China 
(16%) markedly contrast with the frequency of use in the Vietnamese Pangasius farms (100%) 
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(Fig. 2; Table 2). The use of antibiotics in Bangladesh was only reported in one out of the 66 
interviewed farms. Oxytetracycline, amoxicillin, florfenicol and enrofloxacin were reported in at 
least two countries. Overall, a maximum of two antibiotics were reported to be applied on any 
individual farm, with the exception of Pangasius farms in Vietnam. Here, 17 different antibiotic 
compounds belonging to 10 different antibiotic classes were used (penicillins, aminoglycosides, 
cephalosporins, quinolones, tetracyclines, amphenicols, polymyxin, diaminopyrimidines, 
rifamycins and sulfonamides), with enrofloxacin (69% of farmers used it), florfenicol (63%), 
sulfamethoxazole potentiated with trimethoprim (44%), and doxycycline (34%) being the most 
common ones (Fig. 3). Pangasius farmers reported use of three different antibiotics on average, 
and 10% of the interviewed farms reported use of five or six different antibiotics. It must be 
noted, however, that some antibiotic formulations used by Pangasius farmers contained a mix of 
two different active ingredients (sulfadimethoxine and ormetoprim; sulfamethoxazole and 
trimethoprim; apramycin and levofloxacin). In all cases, antibiotics were reported to be applied 
once a day mixed with feed for a period ranging between three and eight days. Most farmers 
reporting antibiotic use applied them to treat disease outbreaks, and only 5% of cases reported 
prophylactic use.  
 
 
 
Figure 2. Percentage of farmers that use antibiotics, disinfectants,, parasiticides, feed additives and plant extracts, and 
probiotics in each of the studied farm groups. The background data of this figure is provided as Supporting Information 
(Table S1). 
 
3.1.2.  Disinfectants 
 
Fifteen different disinfectants were reported to be applied for water disinfection and disease 
prevention (89% of the reported applications), as disease treatment (10%), and to disinfect 
equipment used during aquaculture operations (1%). Disinfectants were most commonly used 
among Pangasius farmers (78% of farms), which were applied regularly to the pond water to 
control bacterial proliferations, followed by shrimp farmers of China (63%), Thailand (59%) and 
Vietnam (59%) (Fig. 2; Table 2). The majority of the disinfectant applications done by these shrimp 
farmers were done for disease prevention, being applied directly to water during the culture cycle 
(65%) or prior to stocking (14%), and only 11% of the reported disinfectant applications were 
done to treat disease outbreaks. Overall, the most commonly used disinfectants were single doses 
of iodine solutions (iodophors such as povidone-iodine), chlorine and chlorine-releasing 
compounds (benzalkonium chloride, calcium hypochlorite), and potassium permanganate (Fig. 3), 
with intervals between applications ranging from seven days to months. 
 
3.1.3.  Parasiticides 
 
A total number of 13 compounds were found to be used to treat (external and internal) parasite 
and fungal infections in the cultured species, and to kill unwanted organisms in the culture ponds. 
There were marked differences in compounds used and application purposes among countries 
and species. The highest frequency of application was found for the Pangasius farms (44% of the 
farms applied parasiticides) (Fig. 2; Table 2). Treatments with copper sulfate (25%) applied directly 
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to the pond water and in-feed medications of praziquantel (25%) were the most common 
parasiticide treatments, followed by in-feed applications of ivermectin (6.3%) (Fig. 3). About one 
fourth of the surveyed shrimp farmers of Thailand used the insecticides trichlorfon and/or 
dichlorvos (21%), or copper sulfate (6%), for killing unwanted organisms entering the ponds with 
the in-flow water during pond preparation prior to stocking. In-feed medications with avermectins 
and/or water treatments with fungicides (mebendazole and zinc sulfate) were reported to be 
applied in 13% of the surveyed shrimp farms in China, and the fungicide methylene blue was used 
in 13% of the shrimp farms in Bangladesh (Fig. 3). 
 
Table 2. Summary data on the use of antibiotics, disinfectants and parasiticides in the surveyed farms: total number of 
recorded compounds (n), percentage of farms that use them (% use), and number of compounds used per farm (n per 
farm; median, minimum-maximum). 
  
Antibiotics Disinfectants Parasiticides Total 
  
n % use n per farm n % use n per farm n % use n per farm n % use n per farm 
Bangladesh 
Prawn 0 0 0 (0-0) 1 5.0 0 (0-1) 1 5.0 0 (0-1) 2 10 0 (0-1) 
Shrimp/Prawn 1 4.5 0 (0-1) 2 14 0 (0-1) 2 4.5 0 (0-2) 5 14 0 (0-4) 
Shrimp 0 0 0 (0-0) 2 13 0 (0-2) 1 13 0 (0-1) 3 17 0 (0-2) 
China 
Tilapia 2 16 0 (0-1) 5 32 0 (0-1) 2 8.0 0 (0-2) 9 44 0 (0-3) 
Shrimp 2 6.7 0 (0-1) 8 63 1 (0-2) 4 13 0 (0-3) 14 63 1 (0-4) 
Thailand 
Tilapia 2 9.7 0 (0-1) 3 26 0 (0-1) 0 0 0 (0-0) 5 29 0 (0-2) 
Shrimp 2 2.9 0 (0-2) 6 59 1 (0-3) 4 24 0 (0-2) 11 79 1 (0-3) 
Vietnam 
Pangasius 17 100 3 (1-6) 6 78 2 (0-3) 3 44 0 (0-2) 26 100 6 (1-9) 
Shrimp 1 2.9 0 (0-1) 5 59 1 (0-4) 0 0 0 (0-0) 6 68 1 (0-4) 
 
3.1.4. Feed additives and plant extracts  
 
Feed additives and plant extracts, directly applied to the water or mixed with feeds, were 
predominantly used in Chinese shrimp farms (50% of farms), Vietnamese Pangasius farms (41%), 
Chinese tilapia farms (32%) (Fig. 2). Of the feed additives used in Chinese shrimp farms, the most 
common ones were vitamin premixes (38%), amino acids (24%), medicinal herbs and root extracts 
with antibacterial properties such as Artemisia annua, Rheum rhabarbarum, Radix curcumae and 
Radix isatidis (22%), as well as polysaccharides (11%). Pangasius farmers used predominantly herb 
extracts (61%) (e.g. Combretum dasystachyum Kurz) for pond water disinfection and feed 
supplements such as vitamin premixes (28%), amino acids (11%), and polysaccharides (11%). 
Chinese tilapia farmers only reported the use of medicinal herbs (54%) for disease treatment and 
mineral premixes (46%) as feed additives.  
 
3.1.5. Probiotics  
 
The use of probiotics was found to be highest in Vietnamese shrimp farms (91%), followed by the 
tilapia (74%) and shrimp (74%) farms in Thailand, Vietnamese Pangasius farms (38%), shrimp 
farms in China (27%), concurrent shrimp-prawn farms in Bangladesh (9%) and Chinese tilapia 
farms (8%) (Fig. 2). Probiotics were not reported to be used in the surveyed prawn and shrimp 
farms in Bangladesh. The probiotic products applied included a broad variety of formulations such 
as photosynthetic bacteria (e.g. Rhodopseudomonas spp.), microorganisms for nutritional and 
enzymatic contribution to digestion (e.g. Bacillus spp. and yeasts), and bacteria for improving 
water quality (e.g. Nitrosomonas spp., Nitrobacter spp.). The main bacterial genera were normally 
listed on the labels, but the specific species and their concentration in the products were most 
often not declared. Of the interviewed farmers, 84% reported to apply the probiotic products 
directly to water in order to improve the water quality and to reduce stress in the cultured 
species; whereas the other 16% reported to apply probiotics mixed with feeds as a nutritional 
supplement to improve food digestibility and the health conditions of the cultured species. 
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Figure 3. Percentage of farmers using antibiotics (A), disinfectants (D) and parasiticides (P) in each of the studied farm 
groups. The records obtained from the farm supply shops in Bangladesh could not be exclusively attributed to specific 
species as more than one species were produced in the same area. The background data of the figure is provided as 
Supporting Information (Table S2,S3). (BCDMH: 1-Bromo-3-chloro-5,5-dimethylhydantoin; DBDMH: 1,3-Dibromo-5,5-
dimethylhydantoin;DCDMH: 1,3-Dichloro-5,5-dimethylhydantoin).  
 
3.2. Chemicals sold in farm supply shops 
 
The percentage of the surveyed farm supply shops in which the different compound groups were 
available are shown in Table 3, and the availability of the different antibiotics, disinfectants or 
parasiticides in Figure 3. Chemical compounds available in the supply shops that were not 
reported by the interviewed farmers ranged between 1 and 9 compounds per farm group (Table 
3).  
 
Table 3. Percentage of the surveyed farm supply shops that sell antibiotics, disinfectants, parasiticides, feed additives 
and plant extracts, and probiotics in the four studied countries. The right column shows the compounds available in the 
surveyed shops that were not reported by the interviewed farmers. 
  
A D P 
Feed 
additives and 
plant extracts 
Probiotics 
Chemicals not reported by the surveyed 
famers 
Bangladesh 
Shrimp and 
Prawn 
16% 63% 74% 37% 26% 
A: oxytetracycline, oxolinic acid; D: 
benzalkonium choride, benzalkonium 
bromide, calcium peroxide, pentapotassium 
dichloride 
China 
Tilapia 80% 40% 40% 100% 100% 
A: enrofloxacin, neomycin sulfate; D: 
BCDMH, benzalkonium bromide, chlorine, 
glutaraldehyde, iodine; P: avermectins, 
copper sulfate, mebendazole 
Shrimp 60% 80% 40% 100% 100% 
A: Flumequine, norfloxacin, thiamphenicol; 
D: chlorine dioxide, DCDMH 
Thailand 
Tilapia 40% 60% 20% 60% 100% 
A: enrofloxacin, sulfadiazine, trimethoprim; 
benzalkonium chloride, glutaraldehyde;  
P: mebendazole, trifluralin 
 
Shrimp 25% 100% 25% 0% 100% 
A: sulfadiazine, trimethoprim; D: 
benzalkonium bromide, glutaraldehyde, 
hydrogen peroxide  
Vietnam 
Pangasius 89% 100% 78% 56% 78% 
A: gentamycin, sulfadiazine, thiamphenicol; 
D: glutaraldehyde, potassium 
monopersulfate;  
P: azadirachtin 
Shrimp 0% 100% 0% 44% 100% D: glutaraldehyde 
A: antibiotics; D: disinfectants; P: parasiticides; BCDMH: 1-Bromo-3-chloro-5,5-dimethylhydantoin; DCDMH: 1,3-Dichloro-5,5-
dimethylhydantoi 
 
 
3.3. Comparison of reported and recommended chemical application dosages 
The comparison between reported and recommended chemical application dosages for 
antibiotics, disinfectants and parasiticides is shown in Figure 4 as ratios between reported and 
maximum recommended dosages. The majority (77%) of the reported single application dosages 
fell below the maximum recommended application dosages (ratios below 1). Cases in which the 
reported dose exceeded the recommended dose by a factor of three or more  (ratios above 3) 
were only reported in the shrimp farms in China (n=1), Thailand (n=6) and Vietnam (n=7), and on a 
single Pangasius farm in Vietnam (n=1), accounting for 11% of the all the evaluated cases. These 
cases mainly corresponded to applications of chlorine or chlorine releasing compounds (80% of 
the cases) for disinfection during pond preparation. 
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Figure 4. Ratios between calculated dosages based on the information reported by the farmers and maximum 
recommended dosages of antibiotics, disinfectants and pesticides. The figure only displays the data entries for which 
enough information was available to calculate the actual applied dosages.  
3.4. Chemical mass inputs 
The estimated amounts of each chemical class per average tonne of harvested produce are shown 
in Figure 5, and the disaggregated data (the amounts per active ingredient) for antibiotics, 
disinfectants, and parasiticides in Table S5. The highest mean amount of chemical inputs per 
tonne of harvested produce was calculated for the Chinese shrimp farms (18.8 kg tonne-1 
harvested produce), followed by the Thai shrimp farms (18.2 kg tonne-1), the Vietnamese shrimp 
farms (16.0 kg tonne-1), and the Thai tilapia farms (13.5 kg tonne-1) (Table S4). The total chemical 
inputs was dominated by probiotics in Thai shrimp and tilapia production (77 and 94%, 
respectively), and by probiotics, and feed additives and plant extracts, in the case of shrimp farms 
in China (50 and 46%, respectively) and Vietnam (35% for both compound categories). The largest 
amounts of veterinary compounds and biocides applied per tonne of harvested produce were 
calculated for the Vietnamese shrimp farms (4.8 kg tonne-1 harvested produce), followed by the 
Thai shrimp farms (4.1 kg tonne-1 harvested produce). In both cases this amount was dominated 
by disinfectants. Parasiticides contributed the most to the total applied mass in the Bangladeshi 
prawn farms (43%), followed by the Bangladeshi shrimp farms, and the Vietnamese Pangasius 
farms (5.6% for both). The marked difference observed in the Bangladeshi prawn farms, in respect 
to the other farm groups, can be explained by the low harvest yields and the high contribution of 
rotenone-containing plants and potassium permanganate (Table S5), which require high dosages 
for pond preparation and disease treatment in comparison to other (more toxic) parasiticides or 
biocidal ingredients (Table S2). The contribution of the antibiotics to the total chemical mass 
applied per tonne of harvested produce was markedly higher in the Vietnamese Pangasius farms 
(21%) in comparison to the other studied farm groups (Fig. 5b). It was estimated that Vietnamese 
Pangasius farmers, on average, used 93 grams of antibiotics per tonne of harvested fish (Table 
S4). The antibiotics that had the highest contribution to this amount were: sulfamethoxazole, 
cephalexin, amoxicillin, florfenicol and enrofloxacin (Table S5). In line with this, the antibiotic 
classes with the highest estimated application amount relative to harvested Pangasius biomass 
were, in decreasing order, sulfonamides, cephalosporins, penicillins, amphenicols, and quinolones 
(Table S6). 
3.5. Factors related to chemical use 
The results of the multivariate analyses showed that the use of chemicals by the different 
aquaculture farm groups was significantly different, as displayed in Figure 6. Antibiotics, 
probiotics and disinfectants were the most prominent chemical groups. This confirms the 
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relatively high use of antibiotics in the Vietnamese Pangasius farms in comparison to the other 
farm groups. It also shows a relatively high prevalence of probiotics use in the Vietnamese and 
Thai shrimp farms, and of disinfectants in the Vietnamese Pangasius farms, followed by the 
shrimp farms in Vietnam and Thailand. 
 
 
 
Figure 5. Calculated mass of each chemical and biological product group relative to production (a), in grams per tonne 
of harvested produce, and relative contribution of the applied mass of chemical or biological product category to the 
total applied mass (b). The mass of antibiotics, disinfectants and parasiticides is expressed in grams of active ingredient. 
The mass of feed additives and plant extracts, and probiotics is expressed in grams of formulated product. The 
background data on the calculated mass of each chemical and biological product group relative to production is 
provided as Supporting Information (Table S4). 
The characteristics of the surveyed farms are shown in Table 4. The results from the Monte Carlo 
tests for each of the studied aquaculture farm groups, and the resulting biplots, are shown in the 
Supporting Information (Tables S7 and S8, and Figure S1). Although the number of chemicals 
reported to be applied in the surveyed Bangladeshi farms was very low, a trend was observed 
towards the use of a high number of compounds in the concurrent shrimp-prawn farms that 
reported the highest survival rates (survival shrimp: p = 0.01; survival prawn: p = 0.04). Also 
shrimp farms with higher reported stocking densities (p = 0.05) and longer crop durations (p = 
0.05) tended to use a greater range of chemical inputs, and a similar trend was observed for 
larger prawn farms (p = 0.06), and those that reported the highest survival rates (p = 0.09).  
In the surveyed Chinese tilapia farms, the frequencies of use of probiotics, feed additives and 
plant extracts, and parasiticides were marginally significantly higher for larger farms (p = 0.06), 
compared to smaller ones. For this farm group, higher frequencies were also positively correlated 
to the level of formal education of the respondents (p = 0.002). Farmers with university degrees 
were more likely to use them. In Chinese shrimp farms, a significant positive correlation was 
observed between the use of therapeutants, feed additives and probiotics, and increasing 
stocking densities (p = 0.04), annual yields (p = 0.02), and shrimp mortalities (p = 0.02). There was 
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also a trend towards greater use of chemicals and biological products in intensive monoculture 
systems (p = 0.07), compared to polyculture systems.  
 
Figure 6. Ordination diagram (redundancy analysis; RDA) indicating the different use of chemical classes in the studied 
farm groups. The label ‘feed additives’ represents the compound category: feed additives and plant extracts. Of all the 
variance observed in the chemical use dataset, 57% can be explained by the different aquaculture farm groups. Of this 
explained variance, 50% is displayed on the first axis (x) and 6.1% on the second axis (y). The results of the Monte Carlo 
permutations indicate that a significant part of the variance on chemical use is explained by the different aquaculture 
farm groups (p = 0.002).  
The chemical use data for Thai tilapia farms reflects a tendency towards differences in active 
ingredients used in different provinces (p = 0.06), and a higher frequency of chemical use by 
farmers that had received formal training on aquaculture production (p = 0.04). For the surveyed 
shrimp farms in Thailand, farm scale was found to be significantly correlated with reported 
chemical use patterns (p = 0.02), indicating that large farms, compared to the medium and small 
scale farms, tended to use more biocidal compounds as preventive measure for pond preparation 
(trichlorfon, dichlorvos, copper sulfate). On the contrary, use of probiotics and disinfectants was 
more commonly reported for medium-scale farms, and use of antibiotics and feed additives was 
most common in small-scale farms. The certification schemes adopted by shrimp farmers in 
Thailand had a marginally significant correlation with the compound classes used by them (p = 
0.06). This points towards a relationship between the large farms, certified with the Thai Code of 
Conduct (CoC), and higher use of biocidal compounds.  
The variance in the different active ingredients applied by the Pangasius surveyed farms could be 
significantly explained by the provincial distribution of the farms (p = 0.05), the adoption of the 
Global GAP certification scheme (p = 0.03), and the stocking density (p = 0.01). However, 
differences in compound classes used by different Pangasius farmers could only be marginally 
attributed to location (province) (p = 0.08) and the respondent’s education level in aquaculture (p 
= 0.09). The latter indicating a link between no, or little, formal aquaculture training among 
farmers in the An Giang province, and high frequency of use of antibiotic compounds. None of the 
studied parameters resulted in significant effects on the chemical use reported by the shrimp 
famers in Vietnam, with only a marginal trend (p = 0.07) observed towards the highest use of 
disinfectants in the Soc Trang province, and the highest reported frequency of use of probiotics 
and feed additives in the Bac Lieu province. 
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Table 4. Parameters tested in the multivariate analysis, and characteristics of the respondents and surveyed farms in relation to each of the tested parameters.   
  
Bangladesh China Thailand Vietnam 
    
Shrimp  
(n=24) 
Shrimp & 
Prawn (n=22) 
Prawn  
(n=20) 
Tilapia 
 (n=25) 
Shrimp  
(n=30) 
Tilapia  
(n=31) 
Shrimp  
(n=34) 
Pangasius 
(n=32) 
Shrimp  
(n=34) 
Respondent 
characteristics 
Role in the farm a 
O (17); M (4); 
NR (3) 
O (21); M (0); 
NR (1) 
O (18); M (1); 
NR (1) 
O (24); M (1); 
NR (0) 
O (28); M (1); 
NR (1) 
O (20); M (1); 
NR (0) 
O (27); M (6); NR (1) 
O (25); M (6); 
NR (1) 
O (31); M (2); 
NR (1) 
General 
educational level b 
NO (1); PS (4); 
SS (19); U (0); 
NR (0) 
NO (2); PS (3); 
SS (17); U (2); 
NR (0) 
NO (3); PS (5); 
SS (11); U (0); 
NR (1) 
PS (5); SS (17); 
U (2); NR (1) 
PS (6); SS (19); 
U (0); NR (0) 
PS (15); SS (12); 
U (3); NR (1) 
PS (10); SS (7); U (13); 
NR (4) 
PS (5); SS (18); 
U (9); NR (0) 
NO (8); PS (12); 
SS (9); U (5); NR 
(0) 
Aquaculture 
education c 
NO (20); WT 
(4); U (0); NR 
(0) 
NO (17); WT 
(5); U (0); NR 
(0) 
NO (14); WT 
(3); U (0); NR 
(3) 
NO (20); WT 
(3); U (1); NR (1) 
NO (19); WT 
(11); U (0); NR 
(0) 
NO (9); WT (22); 
U (0); NR (0) 
NO (8); WT (21); U (5); 
NR (0) 
NO (17); WT (7); 
U (8); NR (0) 
NO (15); WT 
(12); U (1); NR 
(6) 
Farm 
geographical 
location  
Farm cluster d 
Cluster A (6); 
Cluster B (6); 
Cluster C (1); 
Cluster D (6); 
Cluster E (5) 
Cluster A (7); 
Cluster B (8); 
Cluster C (7) 
Cluster A (7); 
Cluster B (6); 
Cluster C (7) 
Cluster A (5); 
Cluster B (7); 
Cluster C (4); 
Cluster D (2); 
Cluster E (7) 
Cluster A (12); 
Cluster B (6); 
Cluster C (12) 
Cluster A (1); 
Cluster B (13); 
Cluster C (1); 
Cluster D (8); 
Cluster E (1); 
Cluster F (7) 
Cluster A (2); Cluster B 
(3); Cluster C (5); 
Cluster D (1); Cluster E 
(1); Cluster F (6); 
Cluster G (3); Cluster H 
(8); Cluster I (5) 
Cluster A (4); 
Cluster B (4); 
Cluster C (6); 
Cluster D (6); 
Cluster E (1); 
Cluster F (3); 
Cluster G (2); 
Cluster H (6) 
Cluster A (1); 
Cluster B (1); 
Cluster C (6); 
Cluster D (6); 
Cluster E (11); 
Cluster F (9) 
Province  Khulna (24) Khulna (22) Khulna (20) Maoming (25) Zhanjiang (30) 
Nakhon Phatom 
(17); 
Chachoengsao 
(14) 
Chantaburi (10); Surat 
Thani (18); 
Chachoengsao (6) 
An Giang (16); 
Dong Thap (9); 
Can Tho (5); 
Ben Tre (1); Tra 
Vinh (1) 
Soc Trang (25); 
Bac Lieu (9) 
Adopted 
certification 
schemes 
Certification: YES or 
NO e 
NO (24); YES (0) NO (22); YES (0) NO (20); YES (0) NO (24); YES (1) NO (30); YES (0) 
NO (14); YES 
(11); NR (6) 
NO (0); YES (33); NR (1) NO (27); YES (5) NO (34); YES (0) 
Certification 
scheme f 
NO (24) NO (24) NO (24) NO (24); PF (1) NO (30) 
NO (11); GAP 
(14) 
NO (0); GAP (26); 
GAA/ACC/GAP (1); 
GAP/CoC (4); 
GAA/ACC/GAP/CoC (1); 
CoC (1); NR (1) 
NO (23); PGGAP 
(4); GGAP (5) 
NO (34) 
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Table 4. (continued) 
  
Bangladesh China Thailand Vietnam 
  
Shrimp  
(n=24) 
Shrimp & Prawn 
(n=22) 
Prawn  
(n=20) 
Tilapia  
(n=25) 
Shrimp 
 (n=30) 
Tilapia  
(n=31) 
Shrimp  
(n=34) 
Pangasius (n=32) 
Shrimp  
(n=34) 
Farm 
characteristics 
Farm scale g 
S (9); M (9); L 
(6) 
S (13); M (9); L (0) 
S (9); M (11); L 
(0) 
S (15); M (8); L 
(2) 
S (13); M (15); L 
(2) 
S (19); M (11); L 
(1) 
S (13); M (14); L 
(7) 
S (15); M (11); L 
(6) 
S (10); M (18); L 
(6) 
Aquaculture 
production system h  
IE (24) IE (22) IE (20) IP (4); IL (21) 
IM (22); IP (7); 
SIP (1) 
SIM (12); SIP 
(18); IM (1) 
IM (34) IM (32) 
IEA (2); SIM (21); 
IM (11) 
Surface area (ha) i 14 (0.2-79) 0.5 (0.1-1.1) 0.4 (0.2-1.0) 3.3 (0.3-19) 3.2 (0.2-22) 4.4 (0.3-22) 16 (1.0-75) 2.9 (0.2-11) 2.7 (0.7-11) 
Number of grow-out 
ponds i 
1 1 1 3.8 (1.0-17) 3.8 (1.0-16) 3.1 (1.0-13) 14 (0.6-80) 4.3 (1.0-15) 6.1 (2.4-17) 
Farming 
records 
Crops per year i 1 1 1.1 (1.0-1.5) 1.4 (1.0-2.4) 2.2 (1.7-3.0) 1.2 (1.0-2.3) 2.6 (1.9-4.0) 1.4 (1.0-1.5) 1.1 (1.0-2.0) 
Average crop 
duration (months) i 
3.0 (2.5-4.7) 
Shrimp 3.2 (3.0-
4.0); Prawn 6.9 
(4.0-12) 
6.3 (5.0-8.5) 6.2 (3.6-12) 3.0 (2.1-3.8) 7.9 (4.7-12) 3.5 (2.7-5.1) 7.3 (6.0-8.9) 5.3 (3.0-7.1) 
Stocking density 
(individuals/m2) i 
7.4 (2.6-20.5) 
Shrimp 3 (0.6-9.0); 
Prawn 1.7 (0.2-
4.4) 
2.8 (0.9-5.7) 3 (1.8-4.5) 154 (26.7-465) 2.5 (0.3-7.0) 64 (38-104) 52 (24-88) 25 (7.6-44) 
Annual yield 
(tons/ha/crop) i 
NA NA NA 14.6 (4.4-26) 11 (1.4-32) NA NA 295 (76-509) NA 
Survival (%) i 36 (13-84) 
Shrimp 36 (7.0-
77); Prawn 54 (15-
85) 
48 (19-80) 89 (78-100) 62 (39-80) 57 (40-85) 81 (70-96) 77 (61-88) 72 (33-92) 
All information showed in this table was collected during the chemical use interviews, with the exception of the geographical location (cluster and province level classification), farm scale, aquaculture production system, 
survival rates, and the information on the categories of farm characteristics and farming records for the Thai farms, which was retrieved from the SEAT project Primary Survey (Murray et al., 2013).  
a O: Owner; M: Manager; NR: Not reported. 
b NO: None; PS: Primary school; SS: Secondary school; U: University studies; NR: Not reported. 
c NO: None; WT: Workshop or training course in aquaculture; U: University studies on aquaculture; NR: Not reported. 
d Farm cluster classification performed according to Murray et al. (2013). 
e NO: Do not belong to any certification scheme; YES: Belong to one or more certification schemes; NR: Not reported. 
f NO: None; PF: Pollution-free (Chinese national standard); GAP: Good Aquaculture Practices (Thai national standard); GAA/ACC: Global Aquaculture Alliance and Aquaculture Certification Council joint certification standard; 
CoC: Code of Conduct (Thai national standard); PGGAP: In preparation for obtaining the Gobal GAP standard; GGAP: Global GAP; NR: Not reported. 
g S: Small; M: Medium; L: Large. For a description of the farm scale classification see Murray et al. (2013). 
h IE: Improved extensive; IP: Intensive polyculture; IL: Intensive or semi-intensive integrated with livestock; IM: Intensive monoculture; SIP: Semi-intensive polyculture; SIM: Semi-intensive monoculture; IEA: Improved 
extensive alternate. For a description of the production system categories see Murray et al. (2013). 
i Mean (95% Confidence Interval); NA: Not available. 
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4. Discussion 
4.1. Chemical use in the surveyed farm groups 
 
Sixty different veterinary medicinal ingredients were recorded including 26 antibiotics, 19 
disinfectants and 15 parasticides. Based on the farm groups studied, semi-intensive and intensive 
shrimp production in China, Thailand and Vietnam were found to rely most heavily on chemical 
and biological product inputs per tonne of harvested produce, in comparison to the extensive 
shrimp and prawn systems of Bangladesh (Fig. 5a). Thus, a positive correlation was found 
between the estimated total amount of chemicals and biological products used by shrimp/prawn 
aquaculture farmers, and their production intensity. For shrimp farmers in Thailand, Vietnam and 
China, our results revealed relatively low frequencies of antibiotic use, while displaying more 
frequent use of disinfectant treatments (Table 2). This contrasts with the outcomes of similar 
surveys conducted during the last decade in shrimp farms in Thailand (Holmström et al., 2003) 
and Vietnam (Le and Munekage, 2004; Tu et al., 2006). Several factors that could explain these 
differences, and the apparent decline in the use of preventive and therapeutic antibiotic 
treatments in shrimp production, include: (1) the replacement of the black tiger shrimp (P. 
monodon), in Thailand and China, and nowadays starting to take place in Vietnam, by the white 
leg shrimp (L. vannamei), a species with higher growth rates and less vulnerable to specific 
diseases (Lebel et al., 2010); (2) the use of specific pathogen free (SPF) larvae; (3) the introduction 
of several biosecurity measures including the reduction in the occurrence of pathogens, parasites 
and predators by the regular use of several antibacterial agents and biocides for water (pre-
)treatment and disinfection of the equipment and production systems; (4) the use of a wide range 
of prebiotic and probiotic formulations for improving the water quality and the health status of 
the cultured animals; (5) the development of microbial resistance to several antibiotics; (6) the 
pressure by national and international organizations to reduce their use due to food safety 
reasons and potential market restrictions. In line with these results, notifications from the EU 
Rapid Alert System for Food and Feed (RASFF) on food safety standard violations from antibiotic 
residues on shrimp products from these three countries have seen a considerable reduction in the 
last five years (Murray et al., 2011). 
 
Amongst the fish producing farm groups, tilapia farmers from Thailand reported the largest 
amount of chemical inputs relative to production (mainly consisting of probiotics), followed by 
tilapia farmers in China, and Pangasius farmers of Vietnam (Fig. 5a). The highest prevalence of 
veterinary compounds use was observed in Vietnamese Pangasius farms (Table 2, Fig. 5b). For this 
farm group, a total number of 32 different ingredients were recorded, including those reported by 
farmers and those available in the farm supply shops, with farmers reporting an average use of 6 
different veterinary compounds. The percentage of antibiotic use, as well as the most commonly 
recorded active ingredients, are in accordance with the results of the survey performed by 
Phuong (2010) during 2008, suggesting that the antibiotic use has been stable during the last few 
years. Antibiotics applied to Pangasius are mainly used for treatment of bacillary necrosis and the 
red spot disease, which are reported to be caused by Edwardsiella ictaluri  and Aeromonas spp., 
respectively. The regular application of antibiotics and the use of doses below the therapeutic 
effective dose has resulted on the development of bacterial resistance and a consequent loss on 
the efficacy of some antibiotics (Dung et al., 2008, 2009; Bartie et al., 2012). The prevalence of 
antibiotic resistant bacteria in Pangasius fish ponds and the potential horizontal gene transfer 
from fish pathogens and other aquatic bacteria to humans requires further attention by local 
authorities. Nowadays, there are a total of 28 antibiotic ingredients authorized for use in 
aquaculture in Vietnam (Tai, 2012), and this list must be revised with especial attention to their 
resistance potential, excluding antibiotics that are also used in human medicine (e.g. penicillins, 
cephalosporins or rifampicin). The use of biosecurity measures to prevent bacterial diseases 
becomes almost impossible in Pangasius ponds due to the high fish densities and the required 
high water exchange rates (Phan et al., 2009). Thus, the main alternative to extensive antibiotic 
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use is the introduction of vaccines, as already done in the European salmon industry (Gudding, 
2012). Research is currently dedicated to the development and testing of vaccines against 
Edwardsiella ictaluri, showing promissory results (Thinh et al., 2009; Dung, 2011). 
 
The dataset generated through the interviews conducted in the farm supply shops was found to 
correspond reasonably well with the dataset generated in the farm interviews. Compound-
specific discrepancies were not further investigated, as they could simply be related to the fact 
that farmers purchased their products in different shops or through feed retailers. The 
comparison between recommended dosages and those reported by the farmers demonstrates 
that there is no evidence to affirm that the surveyed aquaculture farmers overdose their cultured 
animals, but rather the opposite. In our study, exceeded recommended dosages were mainly 
attributed to chlorine and chlorine releasing compounds applied for pond disinfection prior to 
stocking in shrimp farms, and this could be explained by the different effectiveness of these 
compounds in presence of organic matter and the corresponding variable application dosages 
(Arthur et al., 2000).  
 
Chemicals banned under national regulations in Bangladesh (BDOF, 2011), China (CMA, 2002), 
Thailand (Tukwinas, 2002) and Vietnam (VMARD, 2009), and major seafood importing countries, 
such as EU countries, United States, Canada and Japan (see Love et al., 2011) (such as 
chloramphenicol, nitrofurans, etc), were generally not reported to be applied by the interviewed 
farmers, neither were they found to be available in the interviewed farm supply shops. The 
exception was the parasiticide/fungicide malachite green, which was reported to be applied in 
only one out of the 66 surveyed farms in Bangladesh, and is currently internationally banned for 
use in aquaculture due to its attributed carcinogenic properties (Srivastava et al., 2004). 
Fluoroquinolone antibiotics, which have been recently banned for application in aquaculture in 
the US and Canada, were reported to be applied in China, Thailand, and Vietnam, with a markedly 
higher frequency of application in the Vietnamese Pangasius farms (especially enrofloxacin). The 
high rate of associated veterinary drug violations of Vietnamese aquaculture products, 
particularly for catfish, in US, Japan and Canada (Love et al., 2011) has forced the Vietnamese 
government to ban the use of enrofloxacin and ciprofloxacin for use in aquaculture (VMARD, 
2012). Hence, it is expected that their use will have recently diminished. 
4.2. Comparison with other food producing commodities 
The interviewed Pangasius farmers were found to use a wider range of antibiotic ingredients than 
salmon farmers in European countries, Chile and Canada (Table 5). However, the amount of 
antibiotics used per tonne of harvested Pangasius produce in Vietnam (93g) did not exceed the 
most recent estimate for antibiotics used in Canadian salmon production, and is considerably 
lower than the most recently reported values for salmon production in Chile (Table 5). Estimated 
amounts of antibiotic used in the other farm groups investigated in the current study are well 
below the values reported for Pangasius production in Vietnam (Table S4), and are in the range of 
the most recently reported values for salmon production in Norway and United Kingdom (after 
the displacement of antibiotic treatments by vaccines). On the other hand, a study by Grave et al. 
(2010) showed that estimated amounts of antibacterial agents used in poultry and livestock 
production in European countries varies from 18 to 188 g a.i. tonne-1 of produced biomass. This 
suggests that the use of antibiotics in Pangasius production, and in all other presently studied 
aquaculture farm groups, fall short of the reported amounts for other important food-producing 
species. In comparison to the chemical use in salmon production, the surveyed aquaculture 
farmers, however, rely upon larger amounts of other antimicrobial agents for disinfecting ponds, 
water and equipment, and chemicals with biocidal properties, most commonly used for killing 
unwanted organisms entering the ponds with the in-flow water. The quantity of chemicals used to 
kill external parasites, worms, and fungal infestations (excluding other biocides) in our studied 
farm groups (Table S4), fall short, or in the range of, the quantities used in salmon aquaculture 
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(Table 5). A few exceptions, however, are concurrent shrimp-prawn farms and the shrimp farms in 
Bangladesh, and Pangasius farms in Vietnam. For these farm groups, the estimated amounts were 
one order of magnitude greater due to the application of fungicides, which require higher dosages 
in comparison to the antihelmintics and insecticides reportedly used in the other farm groups, 
and the parasiticide compounds traditionally used to control sea-lice infestations in salmon 
production (e.g. emamectin benzoate, deltamethrin, cypermethrin, hydrogen peroxide) (Burridge 
et al., 2010; Bravo, 2012). 
Table 5. Quantities of chemicals used in Atlantic salmon aquaculture (g a.i. tonne
-1
 harvested fish).  
Country Compound class (year) Mean (min-max) No. of compounds Reference 
Norway Antibiotics (1980-1989) 464 (163-864) NA 
NIPH (2009) a 
 
 
Antibiotics (1990-1999) 71.6 (1.28-257) NA 
 
Antibiotics (2000-2011) 1.42 (0.54-2.29) 4 
 
Sea-lice treatments (2001-2008) 0.20 (0.15-0.26) 5 
 
Antihelmintics (2001-2008) 0.31 (0.10-0.72) 2 
 
Fungicides (2001-2008) 0.71 (0.52-0.82) 2 
 
Sum all parasiticides (2001-2008) 1.21 (0.87-1.43) 9 
    
Chile Antibiotics (1999-2003) 252 (210-280) 7 
Bravo (2012) 
 Antibiotics (2007-2008) 580 (640-520) 7 
 Parasiticides (1999-2003) 0.22 (0.14-0.28) 4 
 Parasiticides (2007-2008) 1.20 (0.88-1.52) 3 
     
UK Antibiotics (2007) 11.7 NA 
Burridge et al. (2010) 
 
Sea-lice treatments (2007) 1.50 NA 
    
Canada Antibiotics (2007) 175 NA 
Burridge et al. (2010) 
 
Sea-lice treatments (2007) 0.16 NA 
a Data for antibiotic use between 2009 and 2011 was obtained from: R. Gudding, Norwegian Veterinary Institute, Pers. Comm., 2013. 
NA: Not available 
4.3. Factors influencing chemical use patterns 
The analysis of determinants on chemical use patterns indicated that the observed variability 
within the studied aquaculture farm groups cannot be explained by the same factor or group of 
factors (Table S7, S8). The farm characteristics influencing chemical use patterns were found to 
correspond with the culture intensity. For instance, the analysis showed a trend towards higher 
reported survival rates in the concurrent shrimp-prawn farms, and prawn farms that used them. 
This suggests that the introduction of chemical and biological treatments in these extensive 
systems, mainly as a preventive measure, could have contributed to increased survival (Fig. S1).  
On the other hand, the Chinese shrimp farms with intensive monoculture practices showed a 
tendency towards a greater reliance on disinfectants, antibiotics and probiotics (Fig. S1). This 
trend was negatively correlated to the survival rates (Fig. S1), suggesting that these farms might 
have reached a maximum in terms of stocking and production intensity, which could be related to 
the need to use antimicrobial and probiotic treatments in order to control disease outbreaks. 
Chemical use patterns in Thai shrimp farms, however, showed a clear correlation between the 
chemical groups used and the size of the farms (Table S7). Thus indicating that larger farmers with 
better investment possibilities, and well established aquaculture management practices, tend to 
use greater amounts of biocidal products during pond preparation as a preventive biosecurity 
measure instead of antibiotic or expensive probiotic treatments. In comparison to the Chinese 
shrimp farmers, Thai farmers generally held lower stocking densities (Table 4) and also used less 
chemicals for disease treatment. Interestingly, the province in which a farm was located was the 
only factor that showed a clear correlation with the type of active ingredient(s) used in all the 
farm groups evaluated (Table S8). This suggests that regional chemical marketing strategies as 
well as the recommendations by fellow farmers are key drivers explaining variability in chemical 
use practices. On the other hand, the results of this study show that the application of 
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certification schemes in the surveyed tilapia and Pangasius farms does not imply a reduction on 
the use of antibiotic or other environmentally hazardous compounds in comparison to non-
certified farms (Table S7). Conversely, large-scale shrimp farmers of Thailand that obtained the 
Thai Code of Conduct certification showed a trend towards more frequent use of biocidal 
compounds during pond preparation (i.e., biosecurity) than non-certified small- and medium-
scale farmers (Table S7, Fig. S1).  
4.4. Study limitations and recommendations 
Given the limited number of interviewed farmers within each farm group, generalizations (e.g. to 
a species-country level) should carefully take into account the characteristics and type of 
production systems included in each of the studied farm groups. Moreover, further studies should 
also focus on chemical application patterns in hatcheries, nurseries and broodstock production, in 
order to get a comprehensive overview of the amounts of chemicals applied throughout the 
entire life cycle of aquaculture products. The majority of the grow-out farmers visited in the 
present study were producing for international markets, with the exception of some tilapia farms 
in Thailand. Future research should therefore look at different market segments, as export 
oriented products of Asian countries may often need to comply to more strict regulations than 
those aimed for domestic markets. Another challenge faced with some of the interviewed farm 
groups, was polyculture of more than one aquatic species, making it difficult to distinguish the 
main target species for which the chemical treatment was used for. In such cases, we assumed 
that significant investments would only be made for the primary (most valuable) species. Given 
this, and a number of other assumptions made during the calculation of the chemical application 
volumes, the final calculated values must be considered as estimations, and the variability 
observed in the results should be taken into account when using the calculated values for follow-
up studies. Moreover, future studies investigating factors related to chemical use patterns should 
also preferably consider variability in disease occurrence and diagnostic capacity, in relation to 
therapeutic treatments, as important potential drivers for chemical use. The chemical inventories 
generated in the farm supply shops were found to be a useful source of information to get a 
broader picture on the status on chemical use, identify  substances that are being introduced in 
the market, and for confirming the active ingredients commonly used by farmers. We therefore 
recommend such an approach for further surveys aimed at identifying chemical ingredients and 
evaluating chemical use dosages by aquaculture farmers in Asia.  
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Chapter 4 
 
Modelling environmental and human health risks of 
veterinary medicinal products applied  in pond 
aquaculture 
 
Andreu Rico, Yue Geng, Andreas Focks, Paul J. van den Brink 
Abstract 
A model called ERA-AQUA was developed to assess the risks posed by the use of veterinary 
medicinal products applied in aquaculture ponds for the targeted produce, surrounding aquatic 
ecosystems, consumers, and the trade of the aquaculture produce. The model calculates risks by 
following a risk quotient approach, by calculating predicted exposure concentrations (exposure 
assessment) and predicted no effect concentrations (effect assessment) for the endpoint under 
study. The exposure assessment is performed by combining information on the environmental 
characteristics of the aquaculture pond, characteristics of the cultured species, aquaculture 
management practices and physico-chemical properties of the compound under study. The model 
predicts concentrations of veterinary medicines in the pond water, pond sediment, cultured 
species, and in the watercourse receiving pond effluent discharges by mass balance equations. 
The effect assessment is performed by combining (eco)toxicological information and food safety 
threshold concentrations for the studied compound. In the present study, the scientific 
background, strengths and limitations of the ERA-AQUA model are presented together with a 
sensitivity analysis and an example showing its potential applications.   
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been published in Environmental Toxicology and Chemistry 2013, 32: 1196-1207. 
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 1 . Introduction 
Veterinary Medicinal Products (VMPs) have been reported to be applied worldwide in 
aquaculture production to combat parasites, prevent and treat bacterial diseases, and as growth 
promoters (Lyle-Fritch et al., 2006; Burridge et al., 2010; Rico et al., 2012a). VMPs applied in 
aquaculture may be released into the environment through continuous or intermittent effluent 
discharges (Lalumera et al., 2004; Le and Munekage, 2004), posing a potential risk for the 
biodiversity and functioning of surrounding aquatic ecosystems. Moreover, some veterinary 
medicines can accumulate in medicated aquatic animals and might pose a potential risk for 
consumers and the trade of the aquaculture produce when residual concentrations in harvested 
animals exceed human health threshold concentrations and Maximum Residue Limits (MRLs) 
established in food safety controls, respectively (Albabouch et al.,  2005).  
Several models have been developed to assess the environmental fate and dispersion of 
veterinary medicines applied in marine cage aquaculture (Henderson et al., 2001; SEPA, 2003). 
However, the great bulk of the global aquaculture production is dominated by freshwater and 
coastal pond systems (Boyd et al., 1998), mainly distributed along the Asian continent and other 
tropical and sub-tropical regions (Bostock et al., 2010). Available environmental risk assessments 
for VMPs applied in aquaculture ponds are limited to a number of developed countries with 
rigorous regulatory frameworks (i.e., EU countries, US, Japan) and often rely on simple algorithms 
for the calculation of environmental exposure concentrations (e.g. Boxall et al., 2006a; Metcalfe 
et al., 2009). Such simplified risk assessment do not allow an efficient implementation of detailed 
aquaculture scenarios and often tend to overestimate risks by neglecting important chemical 
dissipation processes (e.g. sorption to sediment) and operating characteristics (e.g. water 
exchange dynamics).  In addition, environmental fate assessments of VMPs applied in aquaculture 
farms rarely include a dynamic and realistic description of the pharmacokinetics and 
bioaccumulation of the studied drug in the cultured species (Rico et al., 2012a).  
The ERA-AQUA model was developed to perform prospective risk assessments of VMPs applied in 
pond aquaculture. In this study, the ERA-AQUA model is introduced and the main processes and 
assumptions considered during the modelling process are described. A sensitivity analysis was 
performed in order to identify the most important parameters to take into account when 
developing exposure scenarios for VMPs applied in aquaculture ponds. Moreover, the potential of 
the model is shown through an example of a risk assessment performed for two different VMPs, 
oxytetracycline and benzalkonium chloride, applied in a striped catfish scenario developed for the 
Mekong Delta region, Vietnam.  
 
2. The ERA-AQUA model 
 
The ERA-AQUA model is able to estimate risks posed by the use of VMPs applied in aquaculture 
ponds for four different endpoints: the targeted produce, aquatic ecosystems receiving 
aquaculture effluents, consumers, and the trade of the harvested aquatic animals. An exposure 
assessment and an effect assessment are performed for each of the studied endpoints following a 
conservative approach. Finally, the risk assessment is performed using a risk quotient approach 
(i.e., by dividing a predicted exposure concentration by a predicted safe concentration) and 
showing the potential for exceedance of predicted safe VMP concentrations. The ERA-AQUA 
model (version 2.0) is incorporated in a graphical user interface in Microsoft Excel that allows the 
calculation of risks for a wide range of aquaculture scenarios and aquaculture VMPs and is freely 
available at www.era-aqua.wur.nl. In this section the exposure assessment, effect assessment and 
risk assessment calculations performed by the ERA-AQUA model are briefly described. For a 
detailed explanation of the equations used by the ERA-AQUA model the reader is referred to Rico 
et al. (2012b). 
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2.1. Exposure assessment 
The exposure assessment calculations are performed by integrating 34 scenario parameters and 
26 drug-related parameters describing the environmental characteristics of the pond under study 
and the watercourse receiving aquaculture effluents, physiological and feeding characteristics of 
the cultured species, aquaculture management practices, drug application schemes, physico-
chemical properties of the applied drug and consumer’s information (Table 1). The ERA-AQUA 
model predicts the dynamics of the concentrations of veterinary medicines in four different 
compartments: pond water, pond sediment, the cultured species, and the water layer of the 
watercourse receiving effluent discharges. The model includes fifteen drug transfer and 
dissipation processes modelled by mass balance equations (Fig. 1). The process-level equations 
included in the ERA-AQUA model are a combination of equations drawn from the literature and 
those formulated especially for the model.  
Table 1. Minimum scenario and drug-related parameters required to perform a complete risk assessment with the ERA-
AQUA model (version 2.0). Default value parameters and constant value parameters are not included. 
Symbol Description Symbol Description 
    
Scenario Parameters    
Aquaculture pond characteristics Feed administration to the cultured species 
A Area of the pond SFR Daily specific feeding rate 
hpond-water Initial water depth  wSFR Individual’s weight of SFR 
ss Mass concentration of suspended solids in water pCH2, food Lipid fraction of feed 
mom,ss Fraction of organic matter in suspended solids FCR 
Feed conversion ratio in the cultured 
species 
hpond-sediment Depth of the top sediment layer FE Fraction of eaten feed 
fom Mass fraction of organic matter in sediment   
φ Sediment porosity Water exchange management 
ρ Sediment bulk density IRRI Average daily water supply rate 
T Average ambient temperature DRAIN Average daily drainage rate 
PERC Average daily percolation rate teffluent Duration of the effluent discharge 
RAIN Average daily rainfall rate   
EVAP Average daily evaporation rate Watercourse characteristics 
  
vwatercourse Flow velocity  
Cultured species characteristics hwatercourse Water depth 
w0 Initial organism weight b Bottom width  
wmax Maximum organism weight s Side slope (horizontal/vertical) 
ρcs Initial cultured species density  
pCH2 Lipid fraction of cultured organisms Consumer’s characteristics 
MORT Mortality fraction  during the culture period Cons Daily consumption of the cultured species 
  bw Consumer's body weight 
Planned stocking/harvest time   
Stock Planned stocking day Simulation period 
Harvest Planned harvest day Simulation Duration of the simulation period 
    
Drug-related Parameters   
Drug application Drug pharmacokinetics 
DA Drug administration method BioT1/2(Mref,Tref) Biological half-life in the cultured species  
D Drug dose applied per day wref,BioT1/2 Individual's weight of BioT1/2(Mref,Tref)  
CIRRI (Dissolved) Drug concentration in irrigation water Tref,BioT1/2 Temperature of BioT1/2(Mref,Tref)  
    
Physico-chemical characteristics Toxicity data for the cultured species 
M Relative molecular mass  EC50cs Acute EC50 for cultured species  
kow Octanol/water partition coefficient    
koc  Sorption coefficient on organic carbon  Toxicity data for non-target aquatic organisms 
SOL (Tref)  Solubility in water at reference temperature EC50acute-algae EC50-72h for algae  
TrefSOL  Reference temperature of SOL(Tref)  EC50acute-inv Acute EC50-48h for Daphnia sp.  
VP(Tref)  Vapour pressure at reference temperature LC50acute-fish Acute LC50-96h for fish  
TrefVP Reference temperature of VP(Tref)  NOECchronic-algae  NOEC-72h for algae  
DT50water  Half-life degradation in water  NOECchronic-inv Chronic NOEC-21d for Daphnia sp. 
Trefw  Reference temperature of DT50water  NOECchronic-fish  Chronic NOEC-28d for fish 
DT50sediment  Half-life degradation in sediment    
Trefs  Reference temperature of DT50sediment  Food safety data 
  ADI Acceptable daily intake  
  MRL  Maximum residue limit  
        EC50: Median effective concentration; LC50: Median lethal concentration; NOEC: No observed effect concentration.  
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2.1.1. Calculation of the drug transfer and dissipation rate coefficients  
 The modelling calculations start by deriving a series of transfer and dissipation coefficients of the 
drug in the water and sediment compartments and correcting them for the ambient temperature 
of the modelled scenario. These are the volatilization rate coefficient, the degradation rates in 
water and sediment, and the desorption rate from sediment. The volatilization coefficient is 
calculated according to the method described by Mackay and Leinonen (1975), based on the 
relative molecular mass and the Henry’s coefficient of the substance, the mass transfer coefficient 
of carbon dioxide in water, and the mass transfer coefficient of water in air. The degradation rate 
in water and sediment are calculated based on the empirical half-life of the compound in water 
and sediment respectively, assuming first-order kinetics. The desorption rate from sediment is 
calculated according to the hindered diffusion model described in Birdwell et al. (2007), which is 
based on the aqueous diffusivity of the compound in water, the sorption coefficient of the 
compound on organic carbon and sediment characteristics (i.e., porosity, bulk density, organic 
matter content). Subsequently, the drug uptake and elimination rate coefficients in the cultured 
species (i.e., absorption from water, assimilation rate from feed, excretion with water and 
egestion rate constants) and the individual’s growth rate constant are calculated. Drug uptake and 
elimination rate coefficients in the cultured species are calculated according to the OMEGA 
bioaccumulation model described in Hendriks et al. (2001), and are derived based on the octanol-
water partition coefficient of the drug, feed characteristics (e.g. lipid content) and cultured 
species characteristics (e.g. organism weight, lipid fraction, feed ingestion and assimilation rates). 
The individual’s growth rate constant is calculated using the equation described in Hendriks et al. 
(2001), which takes into account the food ingestion by the cultured organisms and the 
assimilation rate, the later one being derived in the present model from the feed conversion ratio 
(FCR) of the feed in the cultured organisms. The biotransformation rate of the compound in the 
cultured species is calculated according to Van der Linde et al. (2001) from the difference 
between the experimentally derived elimination rate constant, previously corrected for the 
organism weight and the ambient temperature in the modelled scenario according to Arnot et al. 
(2009), and the estimated minimum elimination. The latter is the sum of the excretion, egestion 
and individual’s growth rate constants.  
 
Figure  1. Drug transfer and dissipation processes included in the exposure assessment. From Rico et al. (2012b). 
2.1.2. Calculation of the water balance and cultured species mass balance  
The water balance in the aquaculture pond consists of water additions by irrigation and 
precipitation and water withdraws by effluent discharges, percolation and evaporation. The 
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modelling of the cultured species biomass includes potential mortality during the simulation 
period and biomass growth in the cultured species. The individual organism’s growth is modelled 
according to the Von Bertalanffy’s asymptotic growth equation (Von Bertalanffy, 1938), taking 
into account the initial organism’s weight, the maximum organism’s weight and the growth rate 
constant. 
2.1.3. Calculation of predicted exposure concentrations  
 The ERA-AQUA model includes two possible drug administration methods: application mixed with 
feed (i.e., in-feed treatments) or application directly to water (i.e., bath treatments). For drugs 
applied mixed with feed, the drug mass that is ingested by the cultured species is assumed to be 
automatically up-taken after application, and the fraction that is not consumed is assumed to be 
instantaneously dissolved into the pond water. For drugs applied directly to water, an 
instantaneous mixing of the applied substance in pond water is assumed. Concentrations in the 
pond water, pond sediment and aquaculture species compartments are simultaneously calculated 
by three  differential equations (Eq. 1-3). The pond water compartment consists of water and 
suspended solids, and the drug is assumed to reach an instantaneous equilibrium between both 
phases, determined by the sorption coefficient of the drug to organic carbon. The variation of the 
drug concentration in the water compartment depends on the adsorption/desorption to the 
sediment compartment; absorption to and excretion from the cultured species (i.e., physical 
transport with water); water irrigation, drainage and percolation; drug volatilization; and 
biochemical degradation processes (Fig. 1; Eq. 1). Moreover, the model provides the possibility of 
extra drug additions into the aquaculture pond via irrigation water, allowing the possibility to 
perform risk assessments for chemicals applied in up-stream aquaculture ponds or non-
aquaculture chemicals entering the aquaculture pond via irrigation.  
 
           
  
                                                                       
                                                                                                                            
     Eq. 1 
Mpond water = drug mass in the pond water  (M) 
Madsorption/desorption = drug mass addition/loss due to adsorption/desorption from sediment (MT
-1
)    
Mexcretion = drug mass addition due to excretion by the cultured species (MT
-1
)    
Mirrigation = drug mass addition with irrigation water (MT
-1
)    
Mdrainage = drug mass loss by effluent discharge (MT
-1
)    
Mpercolation = drug mass loss by percolation (MT
-1
)           
Mvolatilization = drug mass loss by volatilization (MT
-1
)       
Mdegradation = drug mass loss due to biochemical and photochemical degradation (MT
-1
)                                
Mabsorption = drug mass loss due to absorption from water by the cultured species (MT
-1
)    
 
Drug concentrations in the top-layer of the pond sediment are modelled including 
adsorption/desorption dynamics, water percolation, biochemical degradation, and cultured 
species drug egestion, assuming that faeces are instantaneously settled into the pond sediment 
(Eq. 2).  
 
               
  
                                                               
 Eq. 2 
Mpond sediment  = drug mass in the pond sediment (M)    
Mpercolation  = drug mass addition/loss by percolation (MT
-1
)    
Megestion = drug mass addition due to egestion in the cultured species  (MT
-1
)    
Madsorption/desorption = drug mass addition/loss due to adsorption/desorption from sediment (MT
-1
) 
Mdegradation = drug mass loss due to degradation processes in the sediment (MT
-1
)                                 
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The calculation of drug concentrations in the cultured species relies on five different processes: 
absorption from dissolved drug fraction in water, assimilation from feed, excretion, egestion, and 
biotransformation (Eq. 3).  
 
                  
  
                                                                                                                                                                                                               
                                                                                                                                                         Eq. 3 
Mcultured species  = drug mass in the cultured species (M)    
Mabsorption = drug mass absorption from water by the cultured species (M)  
Massimilation  = drug mass assimilation from food by the cultured species (MT
-1
)  
Mexcretion  = drug mass excretion in the cultured species (MT
-1
)   
Megestion  = drug mass egestion in the cultured species (MT
-1
)    
Mtransformation  = drug mass transformation in the cultured species (MT
-1
)    
The above differential equations are numerically solved through a Visual Basic code for a given 
simulation period (i.e., 10 to 365 days) with time steps of one minute assuming that there is a 
maximum of one drug application per day and that the water exchange in the aquaculture pond 
starts 2h after the drug application. Finally, drug concentration dynamics in the effluent discharge 
point are calculated by taking into account the pond water concentration at the moment of the 
effluent discharge, the effluent’s flow and the water flow in the watercourse. The latter being 
used to predict the dilution of the pond water concentration in the environment. The effluent’s 
flow and the water flow in the watercourse are calculated from data on water exchange 
management (i.e., average daily water drainage rate and duration of the effluent discharge) and 
physical characteristics of the watercourse (i.e., water depth, bottom width, side slope and water 
flow velocity), respectively.  
After drug concentration time series for each compartment have been calculated, the model 
calculates the highest momentary predicted concentration in the pond water (Peak Predicted 
pond Water Concentration: PeakPWC), the drug concentration in the cultured species in the 
moment of harvest (Predicted Cultures species Concentration: PCCharvest), the highest momentary 
concentration in the effluent discharge point (Peak Predicted Environmental Concentration: 
PeakPEC), and time weighted average concentrations in the effluent discharge point for a time 
period of 3, 21 and 28 days (TWA3, TWA21 and TWA28). The later ones are conservatively derived 
by selecting the highest value of the time weighted average concentrations of those calculated for 
all of the time periods possible in the whole simulation period. In order to assess risks for 
consumers, the Estimated Daily Intake (EDI) of the studied compound for humans is calculated 
from the PCCharvest, the estimated daily consumption of the cultured species and the consumer’s 
body weight. 
2.1.4. Limitations of the approach 
 Like many other models developed to assess the environmental exposure of chemicals, the ERA-
AQUA model has some limitations that must be acknowledged.  For instance, both the pond 
sediment and cultured species are treated as single and homogeneous compartments.  Thus, drug 
losses from the top sediment layer due to diffusive transport to bottom layers are not included 
and pharmacodynamics of the drug in the cultured organisms are not taken into account. The first 
could result in differences between modelled concentrations in the top sediment layer (i.e., 
assumed to be subject to instantaneous mixing) and measured concentrations depending on the 
sediment depth fraction considered. The second may lead to differences between modelled and 
measured drug concentrations in the cultured species, depending on the sampled organ or tissue, 
and the metabolic routes used by the cultured species to detoxify the modelled compound.  
Partitioning of VMPs in the water and sediment compartment in the ERA-AQUA model are related 
to the compound’s hydrophobicity and the organic matter content in the sediment and 
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suspended solids. However, many VMPs (e.g. antibiotics) are ionizable weak acids across 
environmentally relevant pH gradients, and the pH and the cation exchange capacity of the 
absorption sites can have a major influence on their behaviour in terrestrial and aquatic 
environments (Brooks et al., 2012). Therefore, for substances with a logarithmic acid dissociation 
constant (pKa) in the range of the pH of the modelled aquaculture compartment the model could 
over estimate exposure. In a similar way, the uptake and elimination of ionizable pharmaceutical 
compounds by aquatic organisms is very sensitive to changes in pH (Meredith-Williams et al., 
2012). Fu et al. (2009) argued that ionization typically decreases the bioaccumulation potential of 
organic chemicals in fish. But, for some moderate acids and bases there is an ion trap effect (i.e., 
dissociation of the compound inside the organism and slowing down the biomembrane crossing 
process) that can increase or decrease the biological accumulation depending on the pH gradient 
between the organism’s body and the surrounding environment (Fu et al., 2009). In the ERA-
AQUA model the uptake and elimination calculations are performed according to the OMEGA 
model (Hendriks et al., 2001), which largely depends on the octanol-water partition coefficient of 
the compounds and has only been validated for neutral organic substances (e.g., brominated 
flame retardants, organochlorines). Hence, the use of the ERA-AQUA model overlooks the 
influence of pH on partitioning, uptake and bioaccumulation, and will result in over- or 
underestimations of exposure concentrations for ionizable substances. Further development of 
ERA-AQUA will consider the scientific state-of-the-art of uptake models for ionizable substances in 
aquatic organisms. 
2.2. Effect assessment 
The effect assessment consists of determining safe exposure concentrations for each of the 
studied endpoints. A Predicted No Effect Concentration for the cultured species (PNECcs) is 
derived by dividing the short-term median effective concentration (EC50) for the cultured species 
(e.g. assessing mortality or growth inhibition) by an assessment factor. An assessment factor of 10 
is used by the model as default value to extrapolate from the EC50 value to the No Observed 
Effect Concentration (NOEC) in the cultured species. In order to assess risks of the applied drug for 
adjacent aquatic ecosystems, acute and chronic PNEC’s for algae, invertebrates and fish are 
calculated. Acute PNEC’s for algae, invertebrates and fish (i.e., PNECacute-algae, PNECacute-invertebrates, 
PNECacute-fish) are derived by dividing the EC50-72h for algae (i.e., growth inhibition), the EC50-48h 
for Daphnia sp. (i.e., immobilization) and the LC50-96h for fish (LC50: median lethal 
concentration) by an assessment factor. The default assessment factor used by the model for the 
derivation of acute PNECs is 100. Similarly, chronic PNEC’s for these three taxonomic groups (i.e., 
PNECchronic-algae, PNECchronic-invertebrates, PNECchronic-fish) are derived by dividing the NOEC-72h for algae 
(i.e., growth inhibition), the NOEC-21d for Daphnia sp. (i.e., reproduction), and the NOEC-28d for 
fish by an assessment for of 10. The ecological effect assessment approach included in the ERA-
AQUA model is based on the use of standard toxicity test species and recommended assessment 
factors according to international guidelines for assessing environmental risks of aquaculture 
VMPs (VICH, 2004). However, recent research has shown that, for some pharmaceuticals 
including antibiotics, responses in alternative end points such as histological changes, biochemical 
responses, behavioural effects or gene regulation, occur in concentrations that are orders of 
magnitude lower than the concentrations derived by standard ecotoxicological test methods 
(VICH, 2004). Thus, it is increasingly recognized that the selection of appropriate test species and 
endpoints for the ecological risk assessment of VMPs must be based on the mode of action of the 
evaluated substance and the presence of pharmacological target pathways across different taxa 
and life stages (Boxall et al., 2012; Ankley et al., 2007). Keeping this in mind, the selection of the 
appropriate toxicity values and assessment factors in the derivation of PNECs can be freely 
changed by the user, also allowing the possibility to introduce threshold concentrations based on 
toxicity data for a larger number of species (i.e., derived from species sensitivity distributions) or 
model ecosystem studies.  
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In order to assess risks for consumers and trade the Acceptable Daily Intake (ADI) for humans and 
the Maximum Residue Limit (MRL) used in food safety controls are introduced as input values (see 
Table 1). When the ADI is not available, it is estimated by the ERA-AQUA model from the no 
observed adverse effect level for mammals (e.g. rats) and applying an extrapolation factor that 
can be chosen by the user. It should be noted that the selection of antimicrobial-resistant 
microorganisms in the cultured species and in the pond environment by VMP residues is not 
taken into account by the ERA-AQUA model, but will be considered in follow-up studies. 
2.3. Risk assessment 
Risk quotients are calculated for each of the studied endpoints by dividing the relevant exposure 
concentrations by the safe concentrations derived in the effect assessment. The risk quotient for 
the cultured species is calculated by: PeakPWC/PNECcs. Acute risk quotients for non-target aquatic 
organisms (i.e., RQacute-algae, RQacute-invertebrates, RQacute-fish) are calculated by dividing the PeakPEC by 
the respective acute PNEC’s. Chronic RQ’s for algae, invertebrates and fish (i.e., RQchronic-algae, 
RQchronic-invertebrates, RQchronic-fish) are calculated by TWA3/PNECchronic-algae, TWA21/PNECchronic-invertebrates 
and TWA28/PNECchronic-fish, respectively. Risk quotients for the targeted produce and for aquatic 
ecosystems are calculated by default from the total drug water concentrations (i.e., sum of 
dissolved fraction and sorbed fraction to suspended solids). However, the dissolved and sorbed 
concentrations are also provided by the program, allowing the possibility to perform refined risk 
assessments considering only one of these two drug fractions. Risk quotients for consumers and 
trade are calculated by EDI/ADI and PCCharvest/MRL, respectively. The risk assessment approach 
followed by the model is based on international guidelines for assessing human health (Benford, 
2000; EMEA, 2000) and environmental risks of VMPs applied in aquaculture (VICH, 2004). If the 
resulting RQs are between one and ten, the model indicates exceedance of the predicted safe 
exposure value. For RQs higher than ten, a large exceedance of the predicted safe concentration 
is indicated by the model. 
2.4. Sensitivity analysis 
A global sensitivity analysis of the chemical fate sub-model of the ERA-AQUA model was 
performed in order to identify which scenario and drug-related parameters account for most of 
the variation in the model output. To study the variation in the model output, a sample of 
scenario parameters and drug-related parameters was generated by Monte Carlo permutations 
using the Latin Hypercube Sampling (LHS) technique (Iman and Conover, 1980) with the software 
GenStat 15th Edition (VSN International Ltd., Hemel Hempstead, UK). One thousand samples of 
the 14 scenario parameters showed in Figure 2 were generated based on uniform distributions 
built with minimum and maximum parameter values grounded on literature data or assumptions 
and trying to represent the variability observed in aquaculture pond scenarios. One thousand 
samples of the 8 drug-related parameters showed in Figure 3 were generated from log-normal 
distributions built with a list of physico-chemical properties for 30 aquaculture VMPs, including 
antibiotics, disinfectants and pesticides. The datasets of scenario and drug-related parameters 
(formed of 1000 combinations each) were run twice for each drug administration method (i.e., 
application mixed with feed and application directly to water), yielding a total number of 4000 
model runs. TWA concentrations in the pond water, pond sediment and cultured species on day 
1, 4, and 28 after drug administration were recorded as endpoints for the sensitivity analysis of 
the model.  A detailed description of the datasets used in the sensitivity analysis and 
characteristics of the model runs is provided in the Supporting Information  (Table S1-8).  
The sensitivity of the model output towards the variation in the input parameters was assessed 
for each pond compartment separately by non-parametric regression using smoothing splines 
(Hastie and Tibshirani, 1990) of third order. The Top Marginal Variance (TMV) and the Bottom 
Marginal Variance (BMV) of each input parameter were used as sensitivity measures. The TMV 
represents how the considered model endpoints (TWACs for the studied compartments) can be 
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approximated by a function that depends only on the input parameter under study. The BMV 
represents how the considered model output can be approximated by a function that depends on 
all the other input parameters, i.e. excluding the parameter under study (for rationale the reader 
is referred to Jansen et al., 1994, and Saltelli et al., 2000). Both, the TMV and the BMV, are 
expressed as the percentage of the total variance of the model output and, hence, the higher the 
percentage, the higher the sensitivity of the model output to the studied parameter (Jansen et al., 
1994). The TMV and BMV for each of the studied scenario and drug-related parameter towards 
the pond water, the pond sediment and the cultured species TWACs in the four datasets (i.e., 
scenario parameters assessed in in-feed and in bath treatments and the drug-related parameters 
in in-feed and in bath treatments) were calculated using the procedures described in Jansen et al. 
(1994) with the GenStat 15th Edition software (VSN International Ltd., Hemel Hempstead, UK). 
Previous to the calculation of the TMVs and BMVs, the input and output data were log-
transformed in order to maximize the amount of the model output variance explained by the 
spline regression analysis. 
  
  
  
 
Figure 2. Results of the sensitivity analysis performed for drugs applied mixed with feed. Top marginal variances 
calculated for the scenario parameters and the time weighted average concentrations calculated for day 1, 4 and 28 
after drug application (TWAC1, TWAC4, TWAC28) in the (A) Predicted Pond Water Concentration, (B) Predicted Pond 
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Sediment Concentration, and (C) Predicted Cultured Species Concentration.  Top marginal variances calculated for the 
drug-related parameters and TWAC1, TWAC4, TWAC28 in the (D) Predicted Pond Water Concentration, (E) Predicted 
Pond Sediment Concentration, and (F) Predicted Cultured Species Concentration. See Table 1 for a description of the 
input parameter symbols. 
  
  
  
 
Figure 3. Results of the sensitivity analysis for drugs applied directly to water. Top marginal variances calculated for the 
scenario parameters and the time weighted average concentrations calculated for day 1, 4 and 28 after drug application 
(TWAC1, TWAC4, TWAC28) in the (A) Predicted Pond Water Concentration, (B) Predicted Pond Sediment Concentration, 
and (C) Predicted Cultured Species Concentration.  Top marginal variances calculated for the drug-related parameters 
and TWAC1, TWAC4, TWAC28 in the (D) Predicted Pond Water Concentration, (E) Predicted Pond Sediment 
Concentration, and (F) Predicted Cultured Species Concentration. See Table 1 for a description of the input parameter 
symbols. 
The percentage of the model output variance explained by the input parameters (i.e., adjusted 
regression coefficient) ranged between 96.5% and 99.8% for the scenario parameter sensitivity 
analysis and between 77.3% and 99.8% and for the drug-related parameter sensitivity analysis. 
This indicates that the spline regression analysis successfully described the relation between 
parameter variation and the output of the different endpoints. Individual input-parameter TMVs 
did not differ substantially to the BMVs (Mean: 0.6; SD: 1.1), demonstrating a low correlation 
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among the studied input parameters. Given the similarity between the calculated TMV and BMV 
values, only the TMV values are showed to describe the sensitivity analysis results. TMVs for the 
model input parameters calculated for the TWA1, TWA4, and TWA28 concentrations for drugs 
applied mixed with feed and in bath treatment are displayed in Figure 2 and 3, respectively. The 
results of the sensitivity analysis show that for drugs applied mixed with feed the most important 
scenario parameters are the density of cultured species, the parameters related to the drug 
assimilation in the cultured species (i.e., organism weight, lipid content of the feed and feed 
conversion ratio), and the fraction of organic matter in sediment (Fig. 2A,B,C). The most important 
drug-related parameters for this administration method are the biological half-life in the cultured 
species, the half-life in sediment, the octanol-water partition coefficient and the organic carbon 
sorption coefficient (Fig. 2D,E,F). For drugs applied directly to water, the main scenario 
parameters influencing the model output are the temperature, the fraction of organic matter in 
sediment and the organism weight at the start of the simulation period (Fig. 3A,B,C). The main 
drug-related input parameters for drugs applied directly to water were found to be the sorption 
coefficient to organic carbon, the octanol-water partition coefficient and the half-life of the 
substance in sediment (Fig. 3D,E,F). For a detailed description of the calculated TMV and BMV 
values see the Supporting Information (Tables S9-S12). 
3. Example of the application of the ERA-AQUA model 
As an example of the application of the ERA-AQUA model, we assessed the risks posed by the use 
of the antibiotic oxytetracycline (OTC) and the disinfectant/parasiticide benzalkonium chloride 
(BKC) in a realistic striped catfish (Pangasionodon hypophthalmus) scenario for the Mekong Delta 
region (Vietnam). The use of OTC and BKC among striped catfish farmers in the Mekong Delta 
region have been recently reported by Bosma et al. (2009) and Phan et al. (2009), respectively. 
The aquaculture pond scenario was built based on assumptions and published data describing 
typical aquaculture practices of intensive striped catfish production in the region (e.g. Phan et al., 
2009). The modelled scenario represents an earthen pond in the last two months of the culture 
cycle (fish body weight at the start of the simulation period: 0.8 kg) with an area of 0.61 ha, a 
water depth of 4 m and a cultured species density of 6.72 kg/m3. Commercial feed with a 
conversion ratio of 1.69 was daily applied as 3% of the body weight of the cultured organisms, 
according to the average feeding rates reported by Vietnamese catfish farmers for the last 
months of the culture cycle (Phan et al., 2009). The average daily water exchange was set to 30% 
(Phan et al., 2009) and the duration of the effluent discharge was assumed to be of 5 h. The daily 
irrigation was calculated by subtracting the water addition by rainfall to the water losses by 
drainage and evaporation in order to keep a daily water balance of zero. No water percolation 
took place during the simulation period and the top-layer of the depth of the pond sediment layer 
was set to 5 cm. In the modelled scenario, untreated pond effluents are directly discharged into a 
drainage canal assuming a dilution factor of approximately 10. A detailed description of the input 
parameters and assumptions taken for building the aquaculture scenario is provided in the 
Supporting Information (Table S13).  
OTC was daily applied mixed with feed at a dose of 50 mg/kg of fish body weight for a period of 7 
days. BKC was applied  once per day directly to water at a concentration of 0.4 mg/L for three 
days with an interval between applications of 4 days. The dosages used in these simulations are 
based on recommended dosages for chemicals used in Asian aquaculture (Arthur et al., 2000) and 
prescribed dosages provided by chemical companies. Physico-chemical properties and toxicity 
data for aquatic organisms for OTC and BKC were collected from online databases, chemical 
evaluation reports and peer-review literatures (e.g. http://sitem.herts.ac.uk/aeru; US EPA 2006; 
Kreuzinger et al., 2007). Due to the lack of long-term toxicity data for OTC for fish and for BKC for 
algae, invertebrates and fish, the chronic risk assessment could not be completed for these 
endpoints. Due to the lack of pharmacokinetics data for striped catfish, the pharmacokinetics data 
for OTC and BKC were based on the study of Choo et al. (1995) for red tilapia and QSAR’s 
estimations (US EPA, 2011), respectively. In order to calculate safe exposure levels for consumers, 
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an ADI of 0.03 mg/kg body weight per day was used for OTC (FAO, 2002) and an ADI of 0.44 mg/kg 
body weight per day was estimated for BKC based on toxicity data for rats (US EPA, 2006). A 
consumer’s body weight of 60 kg and a daily consumption of 95 grams of fish per day was taken 
for the calculation of the EDI. The later was based on the average annual consumption of inland 
fish and other aquatic animals in the Lower Mekong Basin (i.e., 34 kg/per capita/year) (Hortle, 
2007). In order to assess potential risks for the trade of the produced catfish, the MRLs of the 
studied substances for fish imports into EU were used (EU, 2010). For a detailed description of the 
drug-related parameters used for the model calculations see the Supporting Information (Tables 
S14-S15). The scenario and drug-related parameter input files used to run the ERA-AQUA model 
are available upon request.  
 
Figure 4. Predicted concentration dynamics for oxytetracycline in (A) pond water, (B) pond sediment, (C) cultured 
species,  and (D) environment, calculated with the ERA-AQUA model. (MRL: Maximum Residue Limit). 
 
Figure 5. Predicted concentration dynamics for benzalkonium chloride in (A) pond water, (B) pond sediment, (C) 
cultured species, and (D) environment, calculated with the ERA-AQUA model. 
Predicted concentrations in the pond water, pond sediment, cultured species and in the 
surrounding aquatic ecosystem for OTC and BKC are shown in Figure 4 and 5, respectively. The 
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model calculations showed that OTC is most likely to remain sorbed to suspended solids and 
sediment due to its high affinity for organic matter (Koc = 102,600 L/kg), and that degradation in 
sediment and effluent discharges contributed to 76% and 15% of the dissipation of the total 
applied compound mass from the aquaculture pond, respectively (Fig. 6). After the last drug 
application, total OTC concentrations in the pond water and in the environment were found to be 
68 and 6.8 µg/L, respectively, and dissolved OTC concentrations in the pond water and in the 
aquatic ecosystem were estimated to be 24 and 2.4 µg/L, respectively. The maximum calculated 
concentration of OTC in the cultured species was 279 µg/kg. BKC was found to dissipate fast from 
the water phase and sediment, with water drainage (62% of the applied mass) and 
biodegradation and chemical break-down  in water (25%) being the most important dissipation 
processes (Fig. 6). Dissimilar to the simulations performed for OTC, most of the BKC mass was 
predicted to remain dissolved in water, reaching a PeakPWC of 470 µg/L and a PeakPEC of 44 
µg/L. 
Table 2. Risk assessment for the cultured species, aquatic ecosystems (acute and chronic), consumers and trade for (A) 
oxytetracycline and (B) benzalkonium chloride calculated with the ERA-AQUA model. 
A. Oxytetracycline 
Endpoint Exposure Assessment Effect Assessment Risk Characterization 
Cultured Species PeakPWC 67.9 µg/L PNECcs 11,600 µg/L RQcs 0.01 NE 
Aquatic ecosystems (acute) PeakPEC 6.76 µg/L PNECalgae 3.42 µg/L RQalgae 1.98 E 
   PNECinv. 1020 µg/L RQinv. 0.01 NE 
   PNECfish 1160 µg/L RQfish 0.01 NE 
Aquatic ecosystems (chronic) TWA3 1.16 µg/L PNECalgae 18.3 µg/L RQalgae 0.06 NE 
TWA21 0.77 µg/L PNECinv. 4,620 µg/L RQinv. 1.68·10
-4 NE 
TWA28 0.68 µg/L PNECfish NA µg/L RQfish NA - 
Consumers EDI 4.47·10-6 mg/(kg x d) ADI 0.03 mg/(kg x d) RQcons. 1.49·10
-4 NE 
Trade PCCharvest 2.83 µg/kg MRL 100 µg/kg RQtrade 0.03 NE 
    
B. Benzalkonium chloride 
Endpoint Exposure Assessment Effect Assessment Risk Characterization 
Cultured Species PeakPWC 470 µg/L PNECcs 100 µg/L RQcs 4.70 E 
Aquatic ecosystems (acute) PeakPEC 44.0 µg/L PNECalgae 0.41 µg/L RQalgae 107 LE 
   PNECinv. 0.18 µg/L RQinv. 244 LE 
   PNECfish 10.0 µg/L RQfish 4.4 LE 
Aquatic ecosystems (chronic) TWA3 5.23 µg/L PNECalgae NA µg/L RQalgae NA - 
TWA21 2.54 µg/L PNECinv. NA µg/L RQinv. NA - 
TWA28 1.91 µg/L PNECfish NA µg/L RQfish NA - 
Consumers EDI 3.65·10-3 mg/(kg x d) ADI 0.44 mg/(kg x d) RQcons. 0.01 NE 
Trade PCCharvest 2300 µg/kg MRL NA µg/kg RQtrade NA - 
PeakPWC: Peak predicted pond water concentration; PeakPEC: Peak predicted environmental concentration; TWA(t): 
Time weighted average concentration (t = days); EDI: Estimated daily intake; PCCharvest: Predicted cultured species 
concentration at harvest; PNECcs: Predicted no effect concentration for the cultured species; PNECi: Predicted no effect 
concentration for the taxonomic group (i); ADI: Acceptable daily intake; MRL: Maximum residue limit; RQcs: risk 
quotient for the cultured species; RQi: Risk quotient for the taxonomic group (i); RQcons.: Risk quotient for consumers; 
RQtrade: Risk quotient for trade; NA: Not available; NE: No exceedance; E: Exceedance; LE: Large exceedance. 
The risk calculations performed for OTC (Table 2A) showed only moderate risks for algae with a 
RQ of 1.98 based on total highest predicted concentration, and 0.70 based on the highest 
predicted dissolved concentration in the watercourse, the later one being more realistic for 
assessing effects on primary producers (Rico et al., 2012b). The model calculations performed for 
OTC predicted no exceedance of the safe chemical residue levels for consumers and trade when a 
drug withdrawal period of 21 days was used. The risk assessment performed for the BKC revealed 
high expected short-term risks for invertebrates (RQ = 244), algae (RQ = 107) and moderate for 
fish (RQ = 4.4) in surrounding freshwater ecosystems (Table 2B). Furthermore, the performed 
calculations showed that their application according to the recommended dosages might induce 
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mortalities in the cultured species. However, it should be noted that the toxicity data used in the 
effect assessment for striped catfish is based on extrapolations performed with the LC50-96h 
calculated for rainbow trout (Oncorhynchus mykiss) under laboratory conditions (Dobbs et al., 
1995), indicating the need to evaluate the effectiveness of the compound for the treatment of 
striped catfishes under local conditions. EDI levels for BKC in the cultured species were far from 
posing a risk, even when fish was harvested after the last application. Risks for commercial export 
to EU are not relevant due to the lack of MRLs for BKC in EU food safety controls (EU, 2010).  
 
Figure 6. Main dissipation processes for oxytetracycline (OTC) and benzalkonium chloride (BKC) in the modelled 
aquaculture pond calculated with the ERA-AQUA model. 
 
4. Model applications and conclusions 
The ERA-AQUA model was developed to prioritize compounds and environmental process 
parameters that require refinement in higher-tier risk assessments, as well as to decide on 
relevant toxicity tests and chemical and biological monitoring campaigns to be included as part of 
the risk assessment of aquaculture VMPs. For example, the first tier risk assessment performed in 
the present study for the application of OTC in intensive striped catfish ponds did not reveal 
significant impacts for non-target aquatic organisms. Given the conservative nature of the risk 
assessment approach followed here, it is likely that no risks are expected for the use of this 
compound in the given aquaculture scenario and, hence, the risk evaluation can be terminated 
here. However, the risk calculations performed for BKC clearly indicated the need of (1) 
monitoring residual concentrations of BKC in down-stream ecosystems and to assess toxic effects 
on aquatic biodiversity to refine the effect assessment calculations, including principally 
invertebrates and primary producers, and (2) assessing the toxic effects of BKC on striped catfish 
including relevant sub-lethal endpoints such as growth impairment or effects on metabolic 
functions. On the other hand, the model can be used to study the influence of different chemical 
application schemes and aquaculture management practices on the predicted environmental 
exposure and effects of VMPs.  
For instance, simulations can be performed in order to evaluate the influence of different drug 
application schemes and water exchange regimes on the dissipation of VMPs from aquaculture 
ponds and their environmental release. Simulations can also be performed to derive 
environmentally sustainable practices aiming at minimizing the impacts of aquaculture effluent 
discharges in drown-stream aquatic ecosystems, helping to decide on the need of establishing 
aquaculture effluent treatments (e.g. organic matter settling ponds, waste water treatment 
systems). Although our model was designed to provide estimates of environmental 
concentrations of VMPs in the effluent discharge point, larger scale simulations could easily be 
implemented. Hydrological and ecological models such as WASP (Ambrose et al., 1988) or 
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AQUATOX (Park et al., 2008) that can incorporate point source pollution into chemical exposure 
simulations performed at a river scale are a few examples. Moreover, Geographical Information 
Systems (GIS) could be used to perform watershed level simulations by including for example the 
possibility to assess environmental risks of individual chemical or chemical mixtures in 
aquaculture clustered areas by using the ERA-AQUA environmental exposure assessment output. 
One of the advantages of the present model over other aquaculture chemical fate models is that 
the model dynamically predicts the bioaccumulation of VMPs in the cultured organisms. In this 
way, the model can help to calculate the required withdrawal time of the applied drug in the 
cultured organisms and to take decisions on the most appropriate harvest moment to comply 
with food quality standards.  
 
Besides the main applications described above, which focus on assessing risks posed by VMPs that 
are intentionally applied to treat and/or prevent diseases and parasitic infestations in the cultured 
species, the ERA-AQUA model can also be used to perform risk assessment studies of compounds 
entering the aquaculture ponds with the in-flow water. The exposure of aquaculture organisms to 
potentially toxic compounds such as agricultural (i.e., pesticides) or industrial (i.e., PCBs, PAHs) 
chemicals can be assessed and, hence, bioaccumulation in the aquaculture produce and potential 
risks for consumers and trade can be derived. In a similar way, scenarios in which ponds are 
hydrologically interconnected can be built, helping to identify potential side-effects of VMPs 
entering non-treated ponds with the in-flow water.  
 
The ERA-AQUA model was designed to assess chemical exposure calculations for a wide range of 
aquaculture practices, aquatic species and VMPs. However, the model needs to be judiciously 
parameterized with local data in order to assure a maximum realism of the predictions. To this 
end, the values of the input parameters that were identified in the present study through the 
sensitivity analysis must have the priority to be determined precisely through laboratory and field 
experiments. Even when the model is parameterized with local data, users must be aware that 
the ERA-AQUA model was built from a series of theoretical (conservative) assumptions concerning 
the represented aquaculture scenario and the chemical’s behaviour in that environment, and 
hence, must be used as a first tier to assess VMPs risks. Refined, higher tier risk assessments are 
recommended to be drawn by using a combination of prospective modelling results and chemical 
and biological monitoring studies. Moreover, monitoring programs can be used to actually 
measure concentrations, to verify model assumptions and to support or refute model predictions. 
Although several studies have investigated the occurrence of VMPs inside aquaculture ponds and 
in the surrounding environment (e.g. Le and Munekage, 2004), these results are hardly 
comparable to any modelling calculations since they do not present sufficient data on the 
different aquaculture practices employed and environmental conditions. For this reason, 
extensive monitoring campaigns or experiments conducted under (semi-)controlled field 
conditions, including a precise description of the employed aquaculture practices and 
environmental characteristics, must be undertaken in order to assess the model’s accuracy.  
In conclusion, the ERA-AQUA model can be considered as a cost-effective tool to identify 
aquaculture medicinal treatments that may result in a loss of the productivity of the aquaculture 
pond and/or may pose a risk for external aquatic ecosystems, human health and the trade of the 
aquaculture produce, helping, for example, to take decisions in the risk evaluation of new or 
already approved aquaculture medicinal treatments. Other applications include the derivation of 
environmentally sustainable aquaculture practices related to the use of VMPs, the design of 
chemical and  biological monitoring programs and other higher tier chemical fate and effect 
studies, and the assessment of risks of non-aquaculture chemicals for the farm’s productivity and 
human’s health. Further research studies aimed at calibrating and testing the accuracy of the 
chemical fate and effect assessments provided by the model are strongly recommended. 
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Probabilistic risk assessment of veterinary medicines 
applied to four major aquaculture species produced 
in Asia 
 
Andreu Rico, Paul J. van den Brink 
 
Abstract 
 
Aquaculture production constitutes one of the main sources of pollution with veterinary 
medicines into the environment. About 90% of the global aquaculture production is produced in 
Asia and the potential environmental risks associated to the use of veterinary medicines in Asian 
aquaculture have not yet been properly evaluated. In this study we performed a probabilistic risk 
assessment for eight different aquaculture production scenarios of Asia by combining up-to-date 
information on the use of veterinary medicines and aquaculture production characteristics. The 
ERA-AQUA model was used to perform mass balances of veterinary medicinal treatments applied 
to aquaculture ponds and to characterize risks for primary producers, invertebrates, and fish 
potentially exposed to chemical residues through aquaculture effluents. The mass balance 
calculations showed that, on average, about 25% of the applied drug mass to aquaculture ponds is 
released into the environment, although this percentage varies with the chemical’s properties, 
the mode of application, the cultured species density, and the water exchange rates in the 
aquaculture pond scenario. In general, the highest potential environmental risks were calculated 
for parasitic treatments, followed by disinfection and antibiotic treatments. Pangasius catfish 
production in Vietnam, followed by shrimp production in China, constitute possible hot-spots for 
environmental pollution due to the intensity of the aquaculture production and considerable 
discharge of toxic chemical residues into surrounding aquatic ecosystems. A risk-based ranking of 
compounds is provided for each of the evaluated scenarios, which offers crucial information for 
conducting further chemical and biological field and laboratory monitoring research. In addition, 
we discuss general knowledge gaps and research priorities for performing refined risk 
assessments of aquaculture medicines in the near future. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter has been published in Science of the Total Environment 2014, 468/469: 1196-1207. 
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1. Introduction 
During the last decades, the production of aquatic food in the Asian continent has experienced an 
unprecedented increase and nowadays accounts for about 90% of the global aquaculture 
production (FAO, 2012a). The great majority of the Asian aquaculture is produced in land-based 
freshwater or brackish water ponds, which rely on periodic effluent discharges into surrounding 
water bodies (Bostock et al., 2010). In order to promote optimal health conditions, and to treat 
and prevent possible disease outbreaks, Asian aquaculture farmers have reported the use of a 
wide range of veterinary medicines such as antimicrobials, fungicides, anthelmintics and other 
parasiticides (Bondad-Reantaso et al., 2012; Rico et al., 2012a; Rico et al., 2013a). Residual 
concentrations of aquaculture medicines used in inland aquaculture farms have been measured in 
water and sediments of down-stream rivers and estuaries (Le and Munekage, 2004; Zou et al., 
2011), and constitute an important source of environmental pollution (Boxall et al., 2004).  
 
Aquaculture pharmaceuticals and other potentially toxic chemicals may result in harmful effects 
on the biodiversity and functioning of aquatic ecosystems surrounding aquaculture farms, and 
may compromise the environmental sustainability of the aquaculture sector. To assess the 
potential ecological effects of veterinary medicines used in aquaculture, environmental risk 
assessment schemes have been established and implemented in the registration and evaluation 
procedures of veterinary medicinal products in many developed countries (VICH, 2000; VICH, 
2004). Such environmental risk assessment procedures, however, have not yet been adopted in 
the main aquaculture producing countries of (sub-)tropical Asia, and the number of independent 
studies investigating the environmental occurrence and ecological risks of aquaculture medicines 
in the Asian continent is still very limited in comparison to other, temperate, regions. Although 
concerns have been raised about the potential ecological implications of the intensive use of 
chemicals in Asian aquaculture (Gräslund and Bengtsson, 2001), consistent data on their 
environmental fate following use in aquaculture farms and potential ecological risks have never 
been generated (Thuy et al., 2011; Rico et al., 2012a). Given the large number of chemical 
treatments used in Asian aquaculture and the wide range of species and aquaculture production 
scenarios, prioritization approaches need to be used to guide scientific research and economic 
investments, especially in situations of limited prospective environmental risk regulation and 
monitoring resources. 
 
In the current study we assessed the potential ecological risks posed by the use of veterinary 
medicines in eight aquaculture grow-out pond scenarios of Asia. The eight scenarios included in 
the present study represent shrimp production in Bangladesh, China, Thailand, and Vietnam; 
prawn production in Bangladesh; tilapia production in Thailand and China; and Pangasius catfish 
production in Vietnam. These aquaculture farm groups were selected because of their relative 
increase in production volume over the last decades and the availability of up-to-date data on the 
use of veterinary medicines and farming practices (Rico et al., 2013a). A probabilistic risk 
assessment was performed by combining information on the use of veterinary medicines in each 
of the studied aquaculture scenarios, chemical properties for the evaluated substances, and 
characteristics of the modelled aquaculture pond scenarios. Risk calculations were performed by 
using the ERA-AQUA v2.0 model, a mass balance model designed to calculate environmental 
exposure and risks of veterinary medicines applied in pond aquaculture scenarios (Rico et al., 
2012b; Rico et al., 2013b). Chemical exposure profiles in the aquaculture farm effluents were used 
to calculate acute and chronic risks for primary producers, invertebrates, and fish in adjacent 
aquatic ecosystems (Fig. 1). The main objectives of the present study were to prioritize 
compounds, scenarios, and biological taxa that should be targeted in specific ecotoxicological and 
field monitoring studies, as well as to identify data gaps and research needs that must be 
addressed in the future in order to perform refined risk assessments for veterinary medicines in 
Asian aquaculture.  
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Figure 1. Overview of the information and methodology used in the present study. 
2. Material and methods 
 
2.1. Chemical use data 
 
Forty-seven veterinary medicinal treatments were evaluated in the current study including 
antibiotics, disinfectants and parasiticides. This list of chemical treatments is based on a survey on 
chemical use performed, during 2011 and 2012, to 252 aquaculture grow-out farmers and 56 farm 
supply shops corresponding to the countries and aquaculture farm groups included in the current 
study (for details see Rico et al., 2013a). The list includes chemicals applied directly to water for 
disinfection of the culture facilities prior to stocking, and chemicals applied either directly to 
water or mixed with feed for disease treatment or prevention during the culture cycle. The list of 
chemical treatments evaluated in the present study, mode and frequency of use, recommended 
dosage, and duration of the treatment period is shown in Table S1. When the recommended 
dosage and the duration of the treatment were reported as a numeric interval, the highest value 
was conservatively chosen for the risk assessment calculations. 
 
2.2. Chemical properties  
 
2.2.1. Physico-chemical properties  
 
Information on physico-chemical properties for the veterinary medicinal ingredients was retrieved 
from online databases (e.g. http://sitem.herts.ac.uk/aeru/vsdb; http://www.chemspider.com), 
and the literature. Information was collected for the following parameters: molecular mass, 
octanol-water partition coefficient, sorption coefficient to organic carbon, solubility and reference 
temperature at which it was determined, enthalpy of dissolution, saturated vapour pressure and 
temperature at which it was determined, enthalpy of vaporization, half-life degradation of the 
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substance in water and sediment and temperatures at which they were determined, and molar 
Arrhenius activation energy. When data was not available for the enthalpy of dissolution, the 
enthalpy of vaporization, or the Arrhenius activation energy, the default values included in the 
ERA-AQUA model Rico et al. (2012b) were used. When the required data were not available for 
the rest of the chemical properties listed above, they were calculated according to the 
Quantitative Structure-Activity Relationships (QSARs) included in the EPI Suite v4.1 software (US 
EPA, 2012). The resulting dataset of physico-chemical properties for the evaluated compounds is 
presented in Table S2. 
 
2.2.2. Pharmacokinetics data 
 
Data on biological half-lives (BioT1/2) in fish and crustaceans for the evaluated compounds were 
retrieved from the PhishPharm database (Reimschuessel et al., 2005). We only selected studies in 
which the BioT1/2 values were calculated based on measured concentrations in muscle, and 
muscle and skin samples, and in which the compound was administered via bath immersion, oral 
gavage or mixed with feed. This data selection resulted in 218 BioT1/2 data entries. In order to 
minimize the influence of the experimental set-up in which they were calculated, the BioT1/2 
values were normalized to an organism weight of 0.1 kg and a temperature of 20 °C, according to 
the equation described in Arnot et al. (2009). The normalized BioT1/2 values were classified into 
four categories according to the aquaculture species group (fish or crustaceans) and the drug 
administration method (oral administration or administration via water exposure). Subsequently, 
the available BioT1/2 values within each of these four categories were further classified into 
chemical classes according to the nature of the active ingredient. The classification yielded 13 
different compound classes for antibiotics and anthelmintics applied mixed with feed or in oral 
gavage (aminoglycosides, aminopenicillins, amphenicols, avermectins, cephalosporins, 
diaminopyrimidines, heterocyclic acetic acid derivatives, polypeptides, pyrazinaisoquinolines, 
quinolones, rifampicins, sulfonamides, tetracyclines) and 9 compound classes for  disinfectants, 
ectoparasiticides and other biocides applied directly to water (aldehydes, benzimidazoles, 
cyanuric acids, dinitroanilines, hydantoins, organophosphates, pyrethroids, other plant derived 
compounds, and quaternary ammonium compounds).  
 
Finally, one single BioT1/2 value was conservatively chosen to represent each chemical class 
within each of the four aforementioned categories according to the following procedure:  
 
 When four or more BioT1/2 values were available for a given chemical class, the data was 
fitted to a log-normal distribution, and the 90th percentile of the resulting distribution was 
chosen as the representative value for the chemical class. The goodness of fit to a log-normal 
distribution was evaluated with the Kolmogorov-Smirnov test (α = 0.05).  
 When the number of BioT1/2 values available for a given chemical class was lower than four, 
the maximum value was selected as representative for the chemical class.  
 When no data was available for a given chemical class, the 90th percentile of the log-normal 
distribution built with all the available values in all classes of the category (e.g. compounds 
administered orally to fish) was used as representative for the respective chemical class.  
 
For the category of compounds applied via water exposure to crustaceans, no data was found to 
be available. Therefore, for all chemical classes in this category, the BioT1/2 values were selected 
as the 90th percentile of the distribution built with all the BioT1/2 values available for the same 
administration method to fish. A detailed description of the studies available, the calculated 
percentiles and distributions is shown in Table S3. 
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2.2.3. Toxicity data for aquatic organisms 
 
Toxicity data for aquatic organisms was collected from the open literature, toxicity databases (e.g. 
www.epa.gov/ecotox), toxicity data reviews (e.g. Cunningham et al., 2006),  industry reports, and 
material safety data sheets. A step-wise approach was followed to derive acute and chronic 
Predicted No Effect Concentrations (PNECs) for primary producers, invertebrates and fish for each 
of the evaluated compounds. First, acute and chronic PNECs for the three included taxonomic 
groups were set at the community No Observed Effect Concentration (NOEC) level derived from 
model ecosystem experiments (i.e., micro- and mesocosms). When no data on model ecosystem 
experiments was available, and the number of toxicity values calculated from single-species 
laboratory experiments was equal or higher than 6 for a given taxonomic group, PNECs were 
derived using the Species Sensitivity Distribution (SSD) concept (Posthuma et al., 2002). Acute 
exposure SSD curves were constructed for each taxonomic group separately using EC50 values 
(concentration that affects the 50% of the tested organisms) on immobility or mortality for 
animals, and (biomass) growth for primary producers. Macrophytes and algal species were pooled 
together in the primary producers taxonomic group. Only the toxicity data calculated for an 
exposure period of 2-21 days for fish, 1-7 days for invertebrates, 2-28 days for macrophytes, and 
1-7 days for the algae species, was selected (Maltby et al., 2005). Chronic exposure SSD curves for 
invertebrates and fish were constructed with NOEC values representing effects on reproduction, 
growth or mortality with exposure periods equal or higher than 21 and 28 days, respectively. For 
primary producers, chronic SSD curves were constructed using NOECs derived with the same 
exposure duration and endpoints as evaluated in the acute exposure SSDs. In all cases, the 
geometric mean was calculated when more than one toxicity value was available for the same 
species or genus without a specific reference to the species name. SSDs were calculated with the 
ETX 2.0 software (Van Vlaardingen et al., 2004) by fitting the toxicity data to a log-normal 
distribution. PNECs were determined as the median Hazardous Concentration for the 5% of 
species (HC5) of the SSD, calculated according to Aldenberg and Jaworska (2000). When only the 
acute HC5 was available, chronic PNECs were derived by diving the acute HC5 by an assessment 
factor of 10 to account for prolonged exposure periods.  
 
When the number of toxicity values was not sufficient to build SSDs, the acute and chronic PNECs 
for primary producers, invertebrates and fish were calculated by applying assessment factors to 
single-species toxicity values. Priority was given to the use of standard test species for which 
standard toxicity testing protocols are available, as recommended in the international guidelines 
for the environmental impact assessment of veterinary medicines (VICH, 2004). These included 
the following species of green algae: Chlorella vulgaris, Scenedesmus subspicatus, Selenastrum 
capricornutum; invertebrates: Daphnia magna; and fish: Brachydanio rerio, Cyprinus carpio, 
Gasterosteus aculeatus, Lepomis macrochirus, Oncorhynchus mykiss, Oryzas latipes, Pimephales 
pomelas, Poecilia reticulata. Since some compounds with antimicrobial properties have been 
demonstrated to exert higher toxicity to blue-green algae and macrophytes than to green-algae 
(Van der Grinten et al., 2010; Ebert et al., 2011), toxicity data for Microcystis aeruginosa (blue-
green algae) or Lemna minor (macrophyte) were selected when any of these values was lower 
than the available toxicity value for green-algae. The endpoints used for the calculation of acute 
and chronic PNECs for primary producers were the EC50 and the NOEC values for biomass or 
growth, respectively, calculated after an exposure period of 3-4 days. The acute and chronic 
endpoints used for the derivation of PNECs for invertebrates were the EC50s calculated for 
mortality or immobilization after an exposure period of 2 days, and the NOEC for growth or 
reproductive effects after an exposure period of 21 days. The acute and chronic endpoints for fish 
were based on the LC50 (concentration that kills the 50% of the tested organisms) obtained after 
an exposure period of 4 days and the NOEC calculated based on effects on reproduction or 
growth after an exposure period of 28 days. When more than one EC50 or NOEC was available for 
the same species or a genus without a specific reference to a species name, the geometric mean 
was calculated. The lowest value was taken when more than one value was available for a specific 
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taxonomic group. Finally, when only data for non-standard test species was available, toxicity 
values for those species were also allowed considering the same endpoints and exposure duration 
as described for the standard test organisms. As a last resort, toxicity data was derived by using 
the QSARs incorporated in the ECOSAR Class Programme v1.11 
(http://www.epa.gov/oppt/newchems/tools/21ecosar.htm) when experimental data was not 
available. When only acute data meeting the above-mentioned criteria was available for standard 
or non-standard test species, chronic NOECs for primary producers, invertebrates and fish were 
derived by dividing the acute EC50 or LC50 values by an extrapolation factor of 10, for primary 
producers, and 100, for invertebrates and fish. Finally, acute and chronic PNECs derived from 
single species laboratory toxicity data were calculated by diving the selected toxicity values by an 
assessment factor of 100 (i.e., accounting for EC50 to no effect extrapolation and for inter-species 
sensitivity variation) and 10 (i.e., accounting for inter-species sensitivity variation), respectively. 
The toxicity data origin and extrapolation factors used for the derivation of the PNECs are shown 
in Table S2. 
 
2.3. Aquaculture scenarios 
Model scenarios representing aquaculture grow-out ponds for the mix of aquaculture species and 
countries included in the current study were generated based on a combination of (1) literature 
data, (2) survey data on aquaculture production characteristics, and (3) few assumptions. The 
generated scenarios included information on the duration of the culture cycle, physical 
characteristics of the aquaculture pond, cultured species characteristics, feed input to the 
cultured species, local consumer characteristics, and effluent discharge management (Table 1). A 
detailed description of the data, references, and assumptions made to build the scenarios is 
provided in the Supporting Information (Fig. S1, and Tables S4 and S5). In order to account for the 
scenario’s variability, 1000 Monte Carlo samples were generated for the scenario parameters that 
explain the largest variation in the model output, together with the parameters related to water 
exchange dynamics, which are directly related to the environmental discharge of veterinary 
medicines. The scenario parameters were selected on the basis of the result of a sensitivity 
analysis previously performed with the ERA-AQUA model (Rico et al., 2013b). The included 
variable scenario parameters were: organic matter fraction in sediment, temperature, stocking 
density of the cultured species, mortality fraction during the culture cycle, percentage of water 
discharge per event, time interval between water discharge events, and duration of the effluent 
discharge event. Data distributions for temperature and sediment organic matter fraction for 
each scenario were obtained from the literature.  
Data for the other parameters were retrieved from a database (SEAT project database) on farm 
characteristics and aquaculture management practices resulting from a survey performed to more 
than 1,600 aquaculture grow-out farms in south-east Asia (Murray et al., 2013). From this 
database, only (semi-)intensive monoculture pond-based farms were selected, with the exception 
of the prawn farms in Bangladesh and the tilapia farms in China, which were represented by 
polyculture systems, as they combined the culture of the main species with other cyprinids. To 
each of these datasets, the 18 model distributions available in the @Risk 6.0 software (Palisade 
corporation, Ithaca, New York, US) were fitted by maximum likelihood estimation of the 
distribution parameters using the parametric bootstrap technique (with 1000 resamples of the 
original dataset). Then, the best fitting distribution was selected by the Akaike information 
criterion (Bozdogan, 1987). Finally, the parameters of the best fitting distribution were used to 
generate 1000 Monte Carlo samples by Latin hypercube sampling, which were used to represent 
the variability within each of the aquaculture pond scenarios. The distribution fitting analysis and 
the Monte Carlo sample generation were performed using the @Risk 6.0 software. The 
parameters of the fitted distributions and the descriptive statistics of the Monte Carlo sample 
datasets are provided in Table S6.  
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Table 1. Risk assessment scenarios used to run the ERA-AQUA model. For a detailed description of the references used and assumptions see Fig. S1, and Tables S4 and S5. 
Scenario name 
Bangladesh 
Shrimp 
Bangladesh 
Prawn 
China  
Tilapia 
China  
Shrimp 
Thailand 
Tilapia 
Thailand 
Shrimp 
Vietnam 
Pangasius 
Vietnam 
Shrimp   
Data source b 
Species 
Penaeus 
monodon 
Macrobrachium 
rosenbergii 
Oreochromis 
niloticus 
Litopenaeus 
vannamei 
Oreochromis 
niloticus 
Litopenaeus 
vannamei 
Pangasianodon 
hypophthalmus  
Penaeus 
monodon 
Duration of the culture cycle (d) 214 230 221 91.0 243 100 216 154 A 
Aquaculture pond 
         
Pond area (m2) 9422 4130 9805 3933 8423 7890 4437 3850 A 
Pond water depth (m) 1.15 2.04 3.21 1.87 1.77 1.99 4.08 1.49 A 
Mass concentration of suspended solids in pond water (mg/L) 281 213 114 281 114 281 63.0 134 B 
Mass fraction of organic matter in suspended solids (-) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 C 
Top sediment layer depth (m) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 C 
Mass fraction of organic matter in sediment (-) a 0.02 ± 0.02 0.02 ± 0.02 0.03 ± 0.01 0.02 ± 0.02 0.03 ± 0.01 0.02 ± 0.02 0.09 ± 0.02 0.02 ± 0.02 B 
Sediment porosity (v/v) 0.51 0.51 0.51 0.51 0.51 0.51 0.51 0.51 C 
Sediment bulk density (kg/L) 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 C 
Average water temperature (°C) a 26.4 ± 7.0 26.4 ± 7.0 22.4 ± 7.2 24.4 ± 5.8 28.3 ± 4.2 28.3 ± 4.2 28.0 ± 4.2 28.0 ± 4.2 B 
Average percolation rate (mm/d) 5.20 5.20 5.20 0.00 5.20 5.20 0.87 0.87 B 
Average rainfall rate (mm/d) 5.14 5.14 4.68 4.51 4.51 4.51 5.36 5.36 B 
Average evaporation rate (mm/d) 3.10 3.10 9.04 9.04 3.10 3.10 4.50 4.50 B 
Cultured species characteristics 
         
Organism weight at stocking (g) 0.02 0.02 2.98 0.005 1.20 0.005 19.1 0.01 A 
Organism weight at harvest (g) 27.4 61.2 588 12.9 488 15.7 981 31.3 A 
Maximum organism weight (g) 60.0 62.0 1070 16.0 790 20.0 1010 60.0 C 
Cultured species density at stocking (g/m2) a 0.10 ± 0.09 0.03 ± 0.02 7.97 ± 2.17 1.04 ± 0.75 4.33 ± 3.41 0.31 ± 0.13 792 ± 353 0.14 ± 0.05 A 
Lipid fraction of cultured organisms (-) 0.04 0.03 0.03 0.05 0.03 0.05 0.03 0.04 B 
Mortality fraction  during the culture period (-) 0.69 ± 0.16 0.49 ± 0.21 0.17 ± 0.14 0.34 ± 0.16 0.46 ± 0.16 0.22 ± 0.11 0.24 ± 0.11 0.32 ± 0.18 A 
Feed input to the cultured species 
         
Daily specific feeding rate (SFR) (kg food/kg cultured species · d) 0.08 0.07 0.01 0.05 0.01 0.05 0.06 0.08 B 
Organism's weight at which SFR was determined (g cultured species) 0.005 10.0 359 11.0 359 11.0 78.0 0.005 B 
Lipid fraction of feed (-) 0.10 0.10 0.06 0.10 0.06 0.10 0.06 0.10 B 
Feed conversion ratio in the cultured species (kg food/kg cultured species) 1.83 1.88 1.87 2.00 1.87 2.00 1.69 1.83 B 
Fraction of eaten feed (-) 0.90 0.90 0.95 0.90 0.95 0.90 0.95 0.90 B 
Effluent discharge management 
         
Water discharge per event (%) a 34.5 ± 14.0 25.6 ± 8.26 12.1 ± 9.60 10.9 ± 8.99 13.9 ± 9.31 14.4 ± 11.7 36.2 ± 16.2 14.4 ± 8.47 A 
Time interval between discharge events (d) a 8.67 ± 10.5 115 ± 0 20.0 ± 11.8 5.24 ± 7.42 17.1 ± 9.29 43.8 ± 37.9 1.00 ± 0.14 6.84 ± 5.46 A 
Duration of the effluent discharge event (h) a 9.82 ± 3.49 10.0 ± 6.72 17.9 ± 8.38 3.67 ± 3.01 3.88 ± 3.38 3.33 ± 2.88 6.48 ± 3.05 5.75 ± 6.41 A 
a Monte Carlo samples were generated based on distribution fitted to the original datasets (see Table S6). Mean ± SD. 
b A: SEAT project database (Murray et al., 2013); B: literature; C: assumption. 
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2.4. Chemical fate and risk assessment calculations 
 
The chemical fate and risk assessment calculations for each of the studied farm groups were 
performed by using the chemicals reported by farmers and those chemicals available in the 
surveyed chemical shops (see Table S1). This yielded a total of 98 chemical treatment evaluations. 
All calculations were performed by using the ERA-AQUA v2.0 model (Rico et al., 2013b). The 
model output was evaluated in terms of chemical dissipation processes and environmental fate as 
result of the mass balances in the aquaculture pond scenarios, and in terms of acute and chronic 
Risk Quotients (RQs) for primary producers, invertebrates and fish. For each chemical treatment 
applied in each scenario, 1000 model runs were performed with time steps of 10 minutes, based 
on the Monte Carlo scenario samples and the corresponding set of physico-chemical and 
toxicological data. Treatments reported to be applied for pond preparation (i.e., before stocking 
of the cultured species) were assumed to start one week before stocking. Treatments applied 
during the culture cycle (i.e., after stocking of the cultured species) were randomly distributed 
between the start of the cultured cycle and 30 days before harvest, assuming that farmers will 
consider a drug withdrawal period between the last drug application and the harvest moment 
that typically lasts between 21 and 40 days (Hernández-Serrano, 2005). Ecological risks were 
conservatively calculated for the waste-water discharge point based on the pond’s effluent 
concentration, thus assuming no dilution in the adjacent water body. Acute RQs were calculated 
by dividing the highest predicted concentration in the pond effluent by the acute PNEC derived 
for each of the taxonomic groups. Chronic RQs were calculated by dividing the maximum time 
weighted average concentration in the aquaculture pond effluent calculated for a time period of 
3, 21 and 28 days, by the calculated chronic PNECs for primary producers, invertebrates, and fish, 
respectively. Finally, the probability of exceeding 1 (potential risk) and 100 (clear risk) in the acute 
and chronic RQ distributions were calculated for each of the evaluated ecological endpoints.  
 
A range of extra model simulations were performed in order to compare scenarios and to perform 
a sensitivity analysis for the variable scenario parameters mentioned in section 2.3. These 
simulations were performed separately for each administration method with an average 
(artificial) compound (Table S2), applied at a dose of 50 mg/kg body weight and 1 mg/L, for 
applications mixed with feed and directly to water, respectively. The calculated environmental 
exposure concentrations (i.e., peak concentrations and maximum time weighted average 
concentrations for 3, 21 and 28 days calculated over the simulation period) and the percentage of 
the applied drug that is released into the environment through effluent discharges were recorded 
as endpoints for performing data comparisons and for the sensitivity analysis. The sensitivity 
analysis was performed according to the method described in Rico et al. (2013b) using smoothing 
splines of third order, and using the Top Marginal Variance (TMV) as sensitivity measure for the 
investigated scenario parameters. The TMV represents how well the model output parameter can 
be approximated by a function that only depends on the scenario parameter under study and, 
therefore, the higher the TMV the higher the reliance of the model output on the input scenario 
parameter. TMVs were calculated using the procedures described in Jansen et al. (2005) using 
GenStat 15th Edition (VSN International Ltd, Hemel Hempstead, UK). 
 
In order to perform a general assessment of the environmental risks posed by the use of 
veterinary medicines in each aquaculture scenario, a Chemical Risk Index (CRI) was calculated 
according to Eq. 1 for each endpoint in the evaluated scenarios. The CRI is a function of the 
calculated probability that a chemical application results in any risk and the probability that the 
risk actually occurs in the environment. The latter depends on the use or availability of the 
chemicals in a given scenario and the probability that farmers from each scenario actually 
exchange water with the environment and an exposure event occurs. Data on frequency of 
chemical use, availability of chemicals in chemical supply shops, and water exchange in the farm 
group was collected from Rico et al. (2013a) and the SEAT project database, and are shown in 
Table S1 and in Fig. S1, respectively. 
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                  Eq. 1                                                                                           
 
CRIx = chemical risk index for the endpoint x (e.g. x = acute exposure effects on invertebrates) 
RQxy = probability fraction to exceed a risk quotient of one for the endpoint x resulting from the use of the chemical 
treatment y  
Uy = fraction of farmers that use the chemical y 
Sy = fraction of chemical supply shops that sell the chemical y 
W = fraction of farmers that exchange water with the environment 
 
3. Results and discussion 
 
3.1. Environmental fate and exposure assessment 
 
The applied compound mass that is released unchanged into the environment (i.e., sum of 
effluent discharge, percolation and volatilization) varied between compounds and scenarios from 
insignificant values (<0.1%, e.g. dichlorvos in the Thai shrimp scenario), to about 90% (for 
Chloramine-T in the Pangasius catfish scenario) (Fig. 2; Table S7). Our mass balance indicates that, 
on average, 25% of the applied compound mass ends up in the environment, with effluent 
discharge being the most important process (accounting for the 23% of the applied drug mass), 
followed by percolation (1%) and volatilization (1%). Overall, the main processes that contributed 
to the dissipation of the applied drugs from the pond environment were degradation in water 
(37%), water drainage (23%), and degradation in sediment (20%). For compounds applied mixed 
with feed, the most important dissipation processes were degradation in sediment (29%), 
drainage (27%), degradation in water (22%), and transformation in the cultured species (13%). For 
compounds applied directly to water the most important dissipation process was degradation in 
water (52%), followed by drainage (19%), and degradation in sediment (12%). Our study shows 
that, on average, 90% of the applied drug dissipates from the pond environment before the end 
of the culture cycle. The drug mass remaining in the aquaculture pond was mainly attached to 
sediment (6%), and less than 1% remained bioaccumulated in the cultured organisms at the end 
of the grow-out culture cycle (Fig. 2).  
 
Figure 2 shows the origin of the data related to the chemical’s environmental degradation and 
pharmacokinetics in the culture species used in this study. Only 57% of the water and 54% of the 
sediment degradation rates had been derived from experimental studies, and the majority 
corresponded with degradation rates for antiparasitic compounds such as insecticides or 
antihelmintics. The pharmacokinetics dataset evaluated in the current study was mostly 
populated with experiments performed with fish (91%), compared to crustaceans (9%). The 84% 
of the studies were performed with chemical treatments that had been applied mixed with feed, 
and the majority of them had been performed with antibiotics (87%). In addition, the 50% of the 
tested species were salmonids, and tropical fish species were clearly underrepresented. This 
indicates a substantial lack of available pharmacokinetics data for veterinary medicines in tropical 
species cultured in Asia (particularly on crustaceans), which is required in order to avoid or reduce 
uncertainty in extrapolations among species, compound categories, and compound’s 
administration route in future risk assessments.  
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Figure 2. Results of the mass balance performed for each chemical treatment in the evaluated aquaculture pond 
scenarios. The data is expressed in average percentage of the applied drug mass that dissipates due to different 
processes or remains in the different  aquaculture pond compartments at the end of the culture cycle. Left column: A = 
antibiotic, D = disinfectant, P = parasiticide, * = chemical applied for pond preparation, ** = chemical applied for disease 
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%
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Glutaraldehyde (D) **
Formaldehyde (D) **
Benzalkonium chloride (D) **
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Thiamphenicol (A) ***
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Sulfadiazine (A) ***
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Oxytetracycline (A) ***
Ormetoprim (A) ***
Levofloxacin hydrate (A) ***
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Ivermectin (P) ***
Gentamycin sulfate  (A) ***
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Deltamethrin (P) **
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BCDMH (D) *
Oxytetracycline (A) ***
Oxolinic acid (A) ***
Chlortetracycline (A) ***
Malachite green (P) **
Benzalkonium chloride (D) **
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Oxytetracycline (A) ***
Oxolinic acid (A) ***
Chlortetracycline (A) ***
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management directly to water, *** = chemical applied for disease management mixed with feed. The right hand 
columns indicate the origin of the water degradation rate (Dw), sediment degradation rate (Ds), and biological half-life 
(B) used in the model calculations. For the degradation rate in water and sediment the letters indicate: E = 
experimentally derived; M = based on QSAR model predictions. For the biological half-life the letters indicate the 
different possibilities described in section 2.2.2: A = ninety percentile of the data distribution derived for the given 
chemical class in the aquaculture species group; B = maximum value for the specific chemical class in the aquaculture 
species group; C = ninety percentile of the overall data distribution for all chemical classes with the same mode of 
application (i.e., directly to water or mixed with feed) in the aquaculture species group (i.e., fish or crustaceans); D = 
ninety percentile of the overall data distribution for all chemical classes with the same mode of application (i.e., directly 
to water or mixed with feed) in fish. BCDMH: Bromochlorodimethylhydantoin; DBDMH; Dibromodimethylhydantoin; 
DCDMH: Dichlorodimethylhydantoin. 
 
 
Environmental exposure concentrations ranged between the low ng/L range to mg/L depending 
on the chemical treatment, mode of application, and scenario in which they were applied (Fig. 3). 
The action limit established by international guidelines above which an aquatic risk assessment 
has to be conducted for the majority of veterinary medicines is 1 µg/L, except for parasiticides for 
which the risk assessment always has to be performed (VICH, 2000; VICH, 2004). The percentage 
of evaluated treatments for which the calculated mean of the distributions of peak PECs and 
TWAC21 was higher than this limit was 86% and 52%, respectively (Fig. 3).The majority of the 
water disinfection treatments with benzalkonium chloride and bromide, and hydantoin 
compounds resulted in peak effluent concentrations higher than 100 µg/L. However, maximum 
antibiotic concentration in the aquaculture pond effluents were in the majority of the cases below 
100 µg/L, with the exception of  the aminoglycoside, cephalosporin and sulfonamide antibiotics 
applied in the Pangasius scenario, which were up to 1,000 µg/L (Fig. 3). According to the typical 
effluent discharge routes in each of the modelled scenarios, higher dilution of aquaculture 
effluents is expected to occur in the Chinese shrimp scenario and in the Vietnamese Pangasius 
scenario, as the majority of the aquaculture farms drain their ponds directly into the sea or into 
large distributaries of the large Mekong River, respectively (Fig. S1). Measured antibiotic 
concentrations in coastal areas of China impacted by aquaculture production (Zou et al., 2011) or 
in the Mekong River have not exceeded the µg/L range (Managaki et al., 2007; Shimizu et al., 
2013), suggesting that dilution factors may be up to 1,000 in these areas. Therefore, in order to 
capture worst-case exposure and effects, monitoring must focus on farms draining into coastal 
creeks, small-scale streams or drainage canals, particularly in the Vietnamese Pangasius and 
Chinese shrimp scenarios.  
 
Peak PECs were between 6 and 144 times higher than calculated TWAC21 values (Fig. 3), 
indicating much higher occurrence of pulsed exposure patterns than chronic exposure 
concentration in the discharge point of aquaculture effluents, and the acute/chronic ratios were 
generally lower for the antibiotic treatments in the Pangasius scenario due to the length of the 
administration period (3-7 days) and the frequent water exchange events (almost every day). The 
calculated exposure profiles, however, notably differed between farms within each scenario and 
among aquaculture scenarios depending on the magnitude, frequency and duration of the 
exposure pulses (e.g. Fig. 4).  
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Figure 3. Calculated peak (diamonds) and time weighted average concentrations for 21 days (squares) in the aquaculture effluents (mean ± SD). The solid black line indicates the action limit above 
which a risk assessment has to be conducted (except for parasiticides) according to international guidelines for veterinary medicines (VICH, 2000; VICH, 2004). Values below 0.1 ng/L were not 
represented. The dataset used to build this graph is shown in Table S8. BCDMH: Bromochlorodimethylhydantoin; DBDMH; Dibromodimethylhydantoin ; DCDMH: Dichlorodimethylhydantoin. Left 
column: A = antibiotic, D = disinfectant, P = parasiticide, * = chemical applied for pond preparation, ** = chemical applied for disease management directly to water, *** = chemical applied for disease 
management mixed with feed. 
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Figure 4. Example of predicted effluent concentration (PEC) dynamics for the antibiotic enrofloxacin applied to an 
average tilapia scenario for China (A), a worst-case tilapia scenario for China (B), and an average Pangasius scenario for 
Vietnam (C). Average scenarios were built with the mean values reported for the parameter distributions as shown in 
Table 1. The worst-case scenario was derived with the 10
th
 percentile of the data distribution for the percentage of 
water discharge per event and time interval between discharge events, and the 90
th
 percentile of the data distribution 
for cultured species density at the start of the culture cycle. In all scenarios enrofloxacin was applied at a dose of 20 
mg/kg body weight for 7 days, and the treatment begun 30 days after the start of the culture cycle. 
 
Results of the scenario comparisons made with the runs performed with the average (artificial) 
compound indicated that compounds applied directly to water are more available for effluent-
mediated release into the environment (Fig. 5A), as they normally undergo less biotransformation 
and less biosolid deposition into the pond sediment. The highest percentage of applied drug that 
is expected to be released into the environment corresponds with the scenarios with higher water 
exchange rates: the Vietnamese Pangasius scenario, followed by the Bangladeshi shrimp scenario, 
and the Chinese shrimp scenario (Fig. 5A). For drugs applied mixed with feed, the calculated peak 
concentrations in the effluents of the Vietnamese Pangasius scenario, and the Chinese shrimp 
scenario were found to be one order of magnitude higher than the concentrations calculated for 
the other scenarios. Calculated TWACs for the Vietnamese Pangasius scenario notably exceeded 
the calculated values for the other scenarios in one to three orders of magnitude (Fig. 5B). The 
sensitivity analysis performed for drugs applied mixed with feed showed that the day of the start 
of the chemical treatment and the cultured species density are strongly and positively correlated 
to the peak drug concentrations in aquaculture effluents (TMVs: 56% and 31% respectively) (Fig. 
S3). TWACs were also markedly affected by the starting day of the application and the cultured 
species density (with TMVs values of 36-42% and 19-23%, respectively). However, the duration of 
the effluent discharge and the interval between effluent discharge events also played an 
important role, the latter being true only for long-term exposure patterns (i.e., TWACs for 21 and 
28 days) (Fig. S3).  
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Figure 5. Scenario comparison based on the results of 
the model simulations performed with an average 
(artificial) compound. Percentage of applied drug mass 
that is released by effluent discharges (A), peak 
predicted environmental concentrations (Peak PEC) 
and time weighted average concentrations (TWACs) 
for a drug applied mixed with feed (B), and Peak PEC 
and TWACs for a drug applied directly to water (C). 
Data are displayed as mean ± SD. 
 
For compounds applied directly to water, the highest peak drug concentrations were estimated 
for the Pangasius catfish scenario, followed by the Chinese shrimp scenario (Fig. 5C). For this 
mode of drug application, smaller differences in concentrations were found between the 
evaluated scenarios. The sensitivity analysis indicated that the most important parameter 
influencing the peak exposure concentrations for compounds applied directly to water is the 
interval between effluent discharges (TMV: 34%). Chronic exposure, however, is mostly 
influenced by a combination of the interval and the duration of the effluent discharge events 
(with TMVs values of 27-36% and 34-36%, respectively). The sensitivity analysis indicated negative 
correlations between the fraction of organic matter in the pond sediment and the fraction of 
applied drug mass that is released into the environment (TMVs of 11-19%), and the fraction of 
sediment’s organic matter and the magnitude of the environmental exposure concentrations 
(TMVs of 6-11%)(Fig. S3). Therefore, this study confirms that, besides the water exchange regime, 
the organic matter rich sludge and sediments of earthen ponds act as a sink of chemicals and play 
a fundamental role in reducing the environmental release of veterinary medicines, in comparison 
to other aquaculture production systems such as net pens or cages. This explains the differences 
between the calculated percentage of the applied antibiotic mass released into surrounding 
ecosystems in this study (25%) and the percentages that have been speculated by other 
researchers, which are about 75% (Lalumera et al., 2004). Thus, the potential environmental 
pollution of aquaculture sludge, which has often been investigated regarding the contribution on 
heavy metal and nutrient loads into aquatic systems, requires further evaluation including the 
analysis of veterinary medicine residues. Particularly in intensive shrimp or Pangasius production, 
in which the disposal of high loads of sludge constitute an environmental problem (Anh et al., 
2010).  
 
3.2. Ecological effects and risk assessment 
 
From all the evaluated treatments, 61% resulted in a median RQ higher than 1 for at least one of 
the evaluated ecological endpoints (Table S9). This was the case for 42% of the evaluated 
antibiotic treatments, 72% of the disinfectant treatments, and 90% of the parasitic treatments. 
Overall, antibiotics resulted in higher potential risks for primary producers. Disinfectants showed 
a high potential acute toxicity for all three evaluated taxonomic groups, with median RQs higher 
than 1 for the 41%, 63%, and 44% of the evaluated treatments for primary producers, 
invertebrates and fish, respectively. Parasiticide treatments posed the highest risks for 
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invertebrates, with 71% of the evaluated treatments resulting in median acute RQs higher than 1. 
The highest ecological risks (median probability of RQ>100) were  calculated for the parasiticides 
deltamethrin and ivermectin, the disinfectants trichloroisocyanuric acid and 
dibromodimethylhydantoin, and the antibiotics amoxicillin, levofloxacin, and sulfadiazine (Table 
S7 and Fig. S2). A summary of the top-five chemical treatments posing the highest ecological risk 
for each of the evaluated scenarios is shown in Table 2. These chemicals have a high priority for 
performing further ecotoxicological work, refined modelling risk assessments and/or field 
monitoring assessments.  
 
Table 2. Risk ranking of chemical treatments based on the probability (P) that the calculated Risk Quotients (RQs) 
exceed 100 (clear risk) and 1 (potential risk). Only the top 5 chemical treatments are shown for each aquaculture 
scenario, with the exception of the Vietnamese shrimp scenario, for which only 3 treatments resulted in a potential risk. 
When both acute and chronic RQs indicated clear risks, only the data corresponding to the worst-case exposure type is 
displayed.    
Scenario Treatment a Sensitive Endpoints (exposure type) b P(RQ>1) P(RQ>100) PNEC c 
Bangladesh 
Shrimp 
1. Rotenone (P) * Fish (A) / Primary producers (A) / Invertebrates (A) 93/82/78 23/0.9/0.1 B/D/B 
2. Benzalkonium chloride (D) ** Primary producers (C) / Invertebrates (A) / Fish (A) 96/95/72 3.3/0/0 B/B/B 
3. Malachite green (P) ** Invertebrates (A) / Primary producers (A)  100/98 0/0 B/D 
4. Benzalkonium bromide (D) ** Invertebrates (A) / Fish (A) / Primary producers (A)  63/61/44 0/0/0 D/D/D 
5. Chlortetracycline (A) *** Primary producers (A)  59 0 C 
Bangladesh 
Prawn 
1. Rotenone (P) * Fish (A) / Primary producers (A) / Invertebrates (A) 92/82/78 28/2.4/0.1 B/D/B 
2. Benzalkonium chloride (D) ** Primary producers (A)  32 0.8 B 
3. Malachite green (P) ** Invertebrates (A) / Primary producers (A)  100/99 0/0 B/D 
4. Oxolinic acid (A) *** Primary producers (A)  46 0 C 
5. Chlortetracycline (A) *** Primary producers (A)  29 0 C 
China 
Tilapia 
1. Trichloroisocyanuric acid (D) * Invertebrates (A) / Fish (A)  100/100 100/100 C/C 
2. Deltamethrin (P) ** Invertebrates (A) 100 100 B 
3. Ivermectin (P) ** Invertebrates (A) 100 86 C 
4. Bromochlorodimethylhydantoin (D) * Invertebrates (C) / Fish (C)  100/100 0.5/0.4 C/C 
5. Phoxim (P) ** Invertebrates (C) 82 0.3 B 
China 
Shrimp 
1. Dibromodimethylhydantoin (D) * and ** Invertebrates (A) / Fish (A)  100/100 100/100 C/C 
2. Ivermectin (P) ** Invertebrates (A) 100 100 C 
3. Avermectin (P) ** Invertebrates (C) 95 23 C 
4. Flumequine (A) *** Primary producers (A)  99 6 C 
5. Bromochlorodimethylhydantoin (D) * Invertebrates (A) / Fish (A) 100/100 0/0 C/C 
Thailand 
Tilapia 
1. Amoxicillin (A) *** Primary producers (A)  73 22 B 
2. Sulfadiazine (A) *** Primary producers (A)  88 5.7 C 
3. Benzalkonium chloride (D) * Primary producers (A) / Invertebrates (A) 100/100 0/0 B/B 
4. Mebendazole (P) ** Primary producers (A) / Invertebrates (A) / Fish (A) 100/89/10 0/0/0 D/D/D 
5. Trifluralin (P) ** Fish (A) / Invertebrates (A) / Primary producers (A) 100/99/13 0/0/0 B/B/B 
Thailand 
Shrimp 
1. Amoxicillin (A) *** Primary producers (A)  24 1.7 B 
2. Benzalkonium chloride (D) * Primary producers (A) / Invertebrates (A) 100/100 0/0 B/B 
3. Benzalkonium bromide (D) * Invertebrates (A) / Fish (A)  99/94 0/0 D/D 
4. Saponin (P) * Primary producers (A) / Fish (A) 98/84 0/0 D/C 
5. Sulfadiazine (A) *** Primary producers (A)  44 0 C 
Vietnam 
Pangasius 
1. Levofloxacin hydrate (A) *** Primary producers (A)  100 99 C 
2. Amoxicillin (A) *** Primary producers (C)  100 98 B 
3. Sulfadiazine (A) *** Primary producers (A)  100 92 C 
4. Ivermectin (P) *** Invertebrates (A) 100 85 C 
5. Sulfamethoxazole (A) *** Primary producers (C)  100 29 B 
Vietnam 
Shrimp 
1. Benzalkonium chloride (D) * 
and 
** Primary producers (C) / Invertebrates (A) / Fish (A) 100/100/82 16/0/0 B/B/B 
2. Formaldehyde (D) ** Primary producers (A)  85 0 C 
3. Glutaraldehyde (D) ** Primary producers (A) / Invertebrates (A) 29/25 0/0 C/C 
a A = antibiotic, D = disinfectant, P = parasiticide, * = chemical applied for pond preparation, ** = chemical applied for disease 
management directly to water, *** = chemical applied for disease management mixed with feed. 
b Exposure type: A = acute; C = chronic. 
c Predicted No Effect Concentrations (PNECs) derived from: A = model ecosystem experiment; B = species sensitivity distribution; C = 
single-species laboratory toxicity test; D = quantitative structure-activity relationship. 
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For none of the top-ranked compounds there is published data that evidence ecological effects 
after application in aquaculture ponds, hampering any comparison of the theoretical risks 
calculated in this study with field data, and indicating a need for further biological monitoring 
work. The majority of the PNECs used in the risk assessment were derived from the application of 
standard assessment factors to single-species laboratory toxicity data, with the exception of 
parasiticides, for which enough data was in most of the cases available to derive PNECs based on 
invertebrate and fish SSDs (Table S2; Fig. 6). Only ivermectin was evaluated using microcosms 
(Boonstra et al., 2011), while the antimicrobials were clearly underrepresented in the evaluated 
ecotoxicity dataset (Table S2; Fig. 6). This study indicates that more studies are needed on the 
toxicity of antimicrobial compounds to non-target aquatic organisms, and particular attention 
should be paid to test benthic species, since might be more exposed to compounds such as 
antibiotics that tend to accumulate in sediments down-stream aquaculture farms (e.g. Le and 
Munekage, 2004), and for which data is currently unavailable.  
 
Regarding the environmental release and ecotoxicological effects of the applied veterinary 
medicinal treatments, the Pangasius catfish scenario in Vietnam was clearly identified as the 
scenario resulting in the highest ecological risks, followed by the shrimp and the tilapia production 
scenarios in China (Table 3). In the Pangasius scenario, highest risks were calculated for primary 
producers due to the contamination with several antimicrobial compounds. In the  shrimp and 
tilapia scenarios of China, however, invertebrate and fish communities were identified as the 
most sensitive groups due to the environmental contamination with residues of highly toxic 
disinfection treatments, such as trichloroisocyanuric acid and hydantoin compounds, and 
parasiticides, such as deltamethrin and ivermectin.  
 
Table 3. Scenario ranking, from highest to lowest estimated ecological risk, based on the sum of the Chemical Risk 
Indexes (CRIs) calculated for each endpoint in the evaluated aquaculture scenarios.  
Rank Scenario 
CRI acute 
primary 
producers 
CRI chronic 
primary 
producers 
CRI acute 
invertebrates 
CRI chronic 
invertebrates 
CRI acute 
fish 
CRI chronic 
fish 
Σ 
CRIs 
1 Vietnam Pangasius 9.2 5.6 3.4 3.0 2.0 0.5 24 
2 China Shrimp 0.8 0.1 1.1 0.8 0.9 0.7 4.4 
3 China Tilapia 0.4 0.0 0.9 0.6 0.4 0.2 2.5 
4 Vietnam Shrimp 0.5 0.5 0.5 0.4 0.3 0.1 2.1 
5 Thailand Tilapia 0.6 0.4 0.5 0.1 0.2 0.0 1.8 
6 Thailand Shrimp 0.4 0.3 0.6 0.1 0.4 0.0 1.8 
7 Bangladesh Shrimp 0.5 0.1 0.4 0.1 0.4 0.2 1.8 
8 Bangladesh Prawn 0.0 0.0 0.0 0.0 0.0 0.0 0.1 
 
The risk assessment scenarios and modelling approach used in this study provide a robust starting 
point for addressing further priorities and refining exposure and effect assessments. The resulting 
risk-based order of ranking of chemicals can be used to guide local researchers, environmental 
authorities, and certification schemes in order to promote and further develop regulations 
concerning the new registration, and post-registration monitoring of aquaculture medicines, as 
well as to support the development of improved aquaculture management practices. The 
ecological risk assessment presented here is based on the procedures proposed in the risk 
evaluation of veterinary medicinal products in developed countries (VICH, 2000 and 2004), which 
aims at protecting the structure of aquatic ecosystems (i.e., primary producers, primary 
consumers and secondary consumers). However, the majority of the veterinary medicines used in 
Asian aquaculture show specific (e.g. fungicides, antibiotics) or broad activity (e.g. chlorine-
releasing compounds) against microorganisms. Recent studies show that microorganism (biofilm) 
communities, and important ecosystem-related processes such as carbon utilization, 
photosynthesis, or nutrient metabolism, might be affected by antibiotic concentrations that are 
below or in the order of magnitude of those that we calculated in this study (Yergeau et al., 2012; 
Yan et al., 2013). Preserving water quality is of crucial importance in aquaculture production 
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landscapes as farmers often rely on input waters that have received effluents from up-stream 
farms. Thus, risk assessments for aquaculture medicines should also aim to protect functions 
provided by aquatic ecosystems. Specific guidelines and a harmonized framework is currently not 
available for testing and including ecosystem functional endpoints as part of environmental risk 
assessments (Peters et al., 2013). However, we expect them to gain scientific relevance and to be 
integrated as protection goals in future risk assessments for aquaculture medicinal products. 
 
In most of the cases, the laboratory toxicity data used in this study have been derived by using 
standard protocols that represent optimal conditions for the tested organisms. However, the 
environmental conditions in ecosystems surrounding aquaculture farms in Asia are often very 
different. Aquaculture pond effluents are characterized by high nutrient concentrations, high 
suspended (bio)solid concentrations, and often higher temperatures than running waters (Boyd, 
2003). Hence, aquatic ecosystems in the surroundings of aquaculture farms often present a high 
level of eutrophication (e.g. Herbeck et al., 2013). The relative contribution of pulses of single 
compounds or mixtures of veterinary medicines to the toxicity of the total aquaculture effluent is 
yet poorly understood (Tello et al., 2010). Also, the influence of higher nutrient concentrations, 
suspended solids, temperature and pH on the toxicity of veterinary medicines has not been 
extensively investigated, which is needed since laboratory toxicity experiments have 
demonstrated that different pH, temperature, and UV-B conditions might influence the toxicity of 
antibiotics to Daphnia magna (Kim et al., 2010). Therefore, in order to better distinguish the 
ecological effects of multiple stressors in aquatic communities, further experiments must focus on 
assessing the effects of pulsed exposure patterns representing aquaculture effluent discharges on 
model ecosystems with high level of eutrophication representing tropical ecosystems impacted by 
aquaculture effluents in Asia. 
 
In this study we used a single-compound approach to characterize risks of veterinary medicinal 
treatments. However, chemical residues might co-occur not only inside aquaculture ponds but 
also in aquaculture farm effluents, as often products contain more than one active ingredient, or 
several products might be applied in different moments of the production cycle to different 
batches. For instance, products containing more than one ingredient such as sulfonamide 
antibiotics potentiated with trimethoprim or ormetoprim, and the combination of apramycin and 
levofloxacin in the Pangasius catfish production  have been reported by Rico et al. (2013a). 
Christensen et al. (2006) and Habenbuch and Pinckney (2012) have demonstrated that antibiotic 
mixtures used in aquaculture might result in additive, and even synergistic effects, on micro-algae 
and activated sludge microorganisms. Therefore, follow-up larger scale modelling and monitoring 
studies should be done in order to identify relevant chemical mixtures in aquatic ecosystems 
surrounding aquaculture farms for which further ecotoxicological research is needed. 
 
Finally, the environmental and public health concerns associated to the selective pressure on 
bacteria by antibiotic pollution and the development of antibiotic resistance is, nowadays, one of 
the main challenges faced by the aquaculture industry worldwide (Tuševljak et al., 2013). High 
levels of antimicrobial resistance genes have been detected in aquatic ecosystems surrounding 
aquaculture shrimp farms of Asia (Tendencia and De la Peña, 2001; Le et al., 2005). Yet there is 
limited evidence as to whether monitored resistant bacteria in the environment developed as a 
result of the exposure to aquaculture antibiotic residues or were transported by effluents from 
aquaculture facilities. The knowledge and scientific tools available for the prospective assessment 
of resistance development, environmental transport, and ultimately ecological and public health 
consequences are very limited. For this reason, this endpoint was not considered in this study, 
and neither has been included in current international risk assessment guidelines (EMEA, 2008). 
Tello et al. (2012) demonstrated that the soil action limit used in the first-tier of the 
environmental risk assessment of antibiotics (100 µg/kg), and measured environmental 
concentrations, may exert a selective pressure on bacteria in the environment. This was shown by 
mechanistically linking exposure concentrations with bacterial SSDs based on clinically derived 
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minimum inhibitory concentrations. One of the future challenges for the Asian aquaculture sector 
is to derive prospective methods to assess the impact of antibiotic use practices on resistance 
development in the cultured organisms and within aquaculture facilities (e.g. water and sediment 
matrices), and to prioritize compounds and bacterial taxa regarding their resistance susceptibility. 
In this way, linking chemical fate modelling approaches as presented in this study with the 
modelling approach described by Tello et al. (2012) can provide promising advancements.  
 
4. Conclusions 
 
This study provides the first modelling exercise and quantitative risk assessment performed for 
veterinary medicines applied in Asian aquaculture scenarios. The risk-based ranking of 
compounds and scenarios indicated that aquaculture parasiticides pose a higher environmental 
risk than disinfectants and antibiotics, and Pangasius catfish production in Vietnam is posing the 
largest environmental hazard compared to the other evaluated scenarios. Research priorities for 
refined risk assessments include the study of antimicrobial toxicity on microorganisms and 
associated ecosystem functions, the toxicity evaluation of aquaculture medicines under multi-
stress conditions considering chemical mixtures, and the development of antimicrobial resistance 
endpoints for the risk evaluation of aquaculture medicines.   
 
Supporting Information 
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Use, fate and ecological risks of antibiotics applied in 
tilapia cage farming in Thailand 
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Kriengkrai Satapornvanit, António J.A. Nogueira, Amadeu M.V.M. Soares, Inês Domingues, 
Paul J. van den Brink  
Abstract 
The use, environmental fate and ecological risks of antibiotics applied in tilapia cage farming were 
investigated in the Tha Chin and Mun rivers in Thailand. Information on antibiotic use was 
collected through interviewing 29 farmers, and the concentrations of the most commonly used 
antibiotics, oxytetracycline (OTC) and enrofloxacin (ENR), were monitored in river water and 
sediment samples. Moreover, we assessed the toxicity of OTC and ENR on tropical freshwater 
invertebrates and performed a risk assessment for aquatic ecosystems. All interviewed tilapia 
farmers reported to routinely use antibiotics. Peak water concentrations for OTC and ENR were 49 
and 1.6 µg/L, respectively. Antibiotics were most frequently detected in sediments with 
concentrations up to 6,908 µg/kg d.w. for OTC, and 2,339 µg/kg d.w. for ENR. The results of this 
study indicate insignificant short-term risks for primary producers and invertebrates, but show 
that the studied aquaculture farms constitute an important source of antibiotic pollution.   
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1. Introduction 
Aquaculture production has intensified at a rapid pace across Asian countries in order to supply 
the increasing demand of aquatic products at a national level and in importing regions such as 
European or North-America (FAO, 2012a). As long as aquaculture practices have intensified and 
the quality of water supplies in aquaculture-clustered areas has deteriorated, the Asian 
aquaculture industry has been overwhelmed with a wide range of parasitic and bacterial diseases 
affecting the cultured species (Bondad-Reantaso et al., 2005). In order to prevent or treat such 
disease outbreaks, farmers often rely on a wide array of veterinary medicinal products such as 
antibiotics and parasiticides, which are mainly applied during periods of high stress in the cultured 
species (Rico et al., 2012a; Rico et al., 2013a). Residual concentrations of antibiotics used in 
aquaculture production have been measured in aquatic ecosystems down-stream of aquaculture 
production areas of Asia (Managaki et al., 2007; Zou et al., 2011; Zhou et al., 2011; Takasu et al., 
2011; Shimizu et al., 2013), and due to the importance and the geographical spread of this 
economic activity throughout this continent, aquaculture production has been considered as one 
of the main pathways of veterinary medicines into the environment (Managaki et al., 2007). 
 
Thailand is ranked sixth in aquaculture production globally, with tilapias (Tilapia spp.) being the 
most important cultured fish species group (FAO, 2012b). About 30% of Thai tilapias are produced 
at high densities in floating cages placed on rivers or irrigation canals (Belton et al., 2009a). 
Tilapias cultured under such open culturing systems are highly vulnerable to stress produced by 
water quality fluctuations and can easily be infected by naturally occurring parasites. Particularly, 
infestations with Streptococcus spp. and other bacteria (e.g. Aeromonas spp., Pseudomonas spp., 
and Vibro spp.) have been reported to be the main causes of mortality in caged tilapia farming 
(Belton et al., 2009b). In order to prevent mass tilapia mortalities, farmers often apply antibiotics 
mixed with the fish diet. Large amounts of antibiotics applied in marine cage-based aquaculture 
production have been reported to end-up in the surrounding ecosystems through leaching or 
sedimentation of medicated feeds, or via excretion from the cultured species (Coyne et al., 1994; 
Capone et al., 1996). Similar situations are expected to occur in freshwater aquaculture, however, 
studies that report the environmental fate and distribution of antibiotics in rivers impacted by 
freshwater cage aquaculture are currently unavailable.  
 
The main objective of this study was to investigate the use of antibiotics in tilapia cage farms in 
Thailand and to assess their environmental fate and risks for tropical aquatic ecosystems. Initially, 
we performed interviews with tilapia-cage farmers at two Thai rivers with significant aquaculture 
production. Then, we monitored residues of the most commonly used antibiotics, oxytetracycline 
(OTC) and enrofloxacin (ENR), in water and sediment samples collected in the environment 
surrounding the surveyed tilapia cage farms and in a ‘non-polluted’ reference area, and measured 
antibiotic concentrations in samples collected during and after antibiotic administration in two 
reference farms. In order to characterize the ecosystem sensitivity to antibiotics we performed 
toxicity tests with tropical invertebrates and derived safe environmental concentrations for 
primary producers and invertebrates. Finally, ecological risks for primary producer and 
invertebrate communities exposed to antibiotic residues were calculated based on the obtained 
measured environmental concentrations. To our knowledge, this is the first study describing the 
use and potential ecological risks of antibiotics applied in freshwater cage aquaculture 
production.  
 
2. Material and methods 
 
2.1. Study areas and antibiotic use data collection 
 
This study was conducted in the Tha Chin River and in the Mun River (Fig. 1; see Supporting 
Information for a description of the study areas). Both rivers are subject to monsoon climate, with 
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the rainy season lasting from May to October. The Tha Chin and the Mun rivers significantly 
contribute to the total cage-based production volume of tilapia in Thailand. In these rivers, mono-
sex Nile (Oreochromis niloticus) or (hybrid) red tilapias (mainly O. mossambicus x O. aureus) are 
cultured in 3x3 m (1.5-2.0 m depth) floating cages composed of steel frames and polypropylene 
mesh. Tilapias are fed with commercial pelleted feeds for a period of 4 months, until they reach a 
weight of 600-1000 g. Farms are formed by several tilapia cages (4-100) placed in parallel to the 
banks of the river, and normally operate in batches throughout the whole year.  
 
Information on antibiotic use was collected by structured interviews conducted with 29 tilapia 
farmers (15 in the Tha Chin River and 14 in the Mun River) between November, 2010, and April, 
2011. Information collected included names of antibiotic ingredients, dosages, and modes and 
frequencies of application. Additional information on farmer perceptions on water quality and 
disease occurrence was also collected.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Sampling locations (L) in the Tha Chin River and in the Mun River (Thailand), and number of water (w) and 
sediment (s) samples collected in each location. In the Tha Chin River: L1,2,3 and 4 were sampled in the dry season; 
L5,6,8 and 9 were sampled in the wet season; and L7,10,11 and 12 were sampled in both seasons. The location L3 in the 
Mun River was considered as the reference site.  
 
2.2. Sample collection 
 
Water samples were collected in the Tha Chin River during the dry season (March; n=24) and in 
the wet season (June; n=10) (Fig. 1). Sediment samples were collected during the dry season in 
the Tha Chin River (March; n=19) and in the Mun River (January-February; n=30), and during the 
wet season in the Tha Chin River (June; n=12) (Fig. 1). In addition, six reference sediment samples 
were collected from a location in the Mun River isolated from the aquaculture farms. This area 
was assumed not to be impacted by anthropogenic activities and was considered as the ‘non-
polluted’ reference site (Fig. 1). For a description of the antibiotic sample collection methods see 
the Supporting Information. 
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In order to assess the fate and dissipation of the studied antibiotics during and after an antibiotic 
administration period, extra samples were collected in two tilapia farms located in the Tha Chin 
River. In the first farm (FARM 1), OTC was administered mixed with feed at a dose of 40 mg/kg 
fish body weight (b.w.). Six cages containing 600 fish per cage (approximate weight 300 g/fish) 
were treated. Water samples were taken in duplicate inside the cages and next to the cages at 15 
min, 1h and 15h after the antibiotic administration. In the second farm (FARM 2), OTC and ENR 
treatments were applied to 14 tilapia cages with 600 fish per cage (approximate weight 600-700 
g/fish). Both antibiotic treatments had a duration of 7 days and overlapped in time (Fig. S1). 
Antibiotics were applied once a day at a dose of 14 and 8 mg/kg b.w. for OTC and ENR, 
respectively. Sediment samples were collected on day 6, 8, 10, 13 and 18 after the first OTC 
application. Water and sediment samples were collected in the afternoon (15-30 min after 
antibiotic administration) on day 1, 3, 5, 8, 13 and 25 after the first ENR administration. Samples 
were collected next to the tilapia cages, and at 30 m and 60 m downstream the cages (see Fig. S1 
for a synopsis).  
 
2.3. Toxicity experiments 
 
The acute toxicity of oxytetracycline (OTC) and enrofloxacin (ENR), was assessed on five tropical 
freshwater invertebrate species: a worm (Limnodrilus hoffmeisteri), two molluscs (the snails 
Physella acuta and Melanoides tuberculata), an insect (Micronecta sp.), and a crustacean (i.e., the 
shrimp Macrobrachium lanchesteri). The toxicity of OTC and ENR to invertebrates was assessed by 
means of static laboratory toxicity tests with a duration of 48 h. Detailed characteristics of the test 
organisms and experimental set-up are provided in Table 1. Test operating procedures were 
based on the OECD standard protocol for toxicity testing with Daphnia magna (OECD, 2004), 
however the temperature and the photoperiod (12 h of natural light) were adapted to match the 
environmental conditions of tropical ecosystems (Table 1). 
 
The toxicity tests were performed with the commercial products OXYBAC 50 (oxytetracycline-HCl 
50%) and EnFlocin (enrofloxacin-HCl 20%), which were typically used by tilapia farmers in the 
study area. Since tetracycline antibiotics have been reported to attach strongly to glass (Ciarlone 
et al., 1990), the test vessels used for the OTC toxicity experiments were previously rinsed with a 
solution of Na-EDTA in methanol (0.2% v/v). In order to assess the potential effects of rinsing the 
glass vessels with Na-EDTA solution, controls with rinsed and non-rinsed glass vessels were used 
in the OTC experiments.   
 
In order to verify the antibiotic exposure concentrations, a sample of test media (10 mL) was 
taken from one replicate per treatment level at 1h and 48h after the start of the experiments. The 
effects of the antibiotics on the evaluated endpoints were recorded 24h and 48h after the start of 
the experiment. The studied endpoints were immobility, for snails and worms, and mortality, for 
the arthropod species (Table 1). Animals were considered immobile when no movement was 
observed after repeated (three times) tactile stimulation with a laboratory needle. The tests were 
accepted only when immobility or mortality in the controls did not exceed 20%. Finally, the Effect 
or Lethal Concentration for the 10% and 50% of organisms (EC10/50 or LC10/50) after an 
exposure period of 48h, and their 95% confidence interval (CI), were calculated. Calculations were 
performed with the ToxRat Professional Version 2.07 program by fitting the data to a log 
concentration – probit regression model. The EC and LCs were calculated with the 48h-averaged 
measured antibiotic concentrations.  
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Table 1. Characteristics of the tested organisms, experimental set-up, measured temperature (T), dissolved oxygen (DO) and pH in the test media, and endpoints evaluated in the toxicity tests 
(mean±SD). 
 
 Individual's characteristics  Experimental set-up Oxytetracycline Enrofloxacin Endpoint 
Species  
Lengtha 
(mm) 
Weighta 
(mg) 
Originb 
Water 
volume 
(mL) 
Replicates (n) 
Number 
per replicate 
Aerationc 
T (°C) 
 
DO 
(mg/L) 
pH 
T 
(°C) 
DO 
(mg/L) 
pH 
Immobility/ 
Mortality 
Limnodrilus hoffmeisteri 26±5.5 NM A 250 3 10 Yes 28.8±0.7 6.1±0.2 7.4±0.6 28.1±0.7 7.2±0.2 7.6±0.6 Immobility 
Macrobrachium 
lanchesteri 
31±4.3 329±145 A 500 6 5 Yes 28.7±0.4 5.8±0.4 7.3±0.5 28.1±0.4 5.4±0.4 7.3±0.5 Mortality 
Melanoides tuberculata 17±0.7 356±67 B 250 3 10 Yes 27.6±0.7 5.8±0.2 7.2±0.6 27.5±0.7 5.5±0.2 6.5±0.6 Immobility 
Micronectinae sp. 2.1±0.4 NM B 250 3 10 No 28.7±0.7 NM 6.9±0.6 29.4±0.7 NM 7.5±0.6 Mortality 
Physella acuta 7.5±1.2 63±21 B 250 3 10 Yes 27.4±0.7 5.8±0.2 7.0±0.6 27.3±0.7 5.6±0.2 7.2±0.6 Immobility 
NM: not measured. 
a
 n = 10 
b
 A: purchased from fish retailers; B: collected from unpolluted freshwater tanks located in the Ornamental Fish Facilities of Kasetsart University (Bangkok, Thailand) 
c
 The aeration system consisted of an air pump with plastic tubes connected to glass pipettes bubbling air into the test media. Since Micronectinae sp. are air breathers, aeration was not installed in 
these tests and dissolved oxygen levels in the test media were not measured.  
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2.4. Antibiotic analysis 
 
The methods used for the extraction and analysis of the antibiotics in the water and sediment 
samples are described in the Supporting Information.  
 
2.5. Ecological risk assessment 
 
Ecological risks of OTC and ENR were calculated for the water layer and for the sediment. 
Ecological risks for the water layer were based on the measured antibiotic concentrations. The 
ecological risks for sediment were calculated by converting the measured sediment 
concentrations into their corresponding pore water concentration (Cpore water) according to 
Equation 1 assuming equilibrium conditions. 
 
Cpore water (µg/L) =  
           
         
                                                                                                                      Eq. 1 
 
where Csediment is the measured concentration in sediment, Koc is the organic carbon partitioning 
coefficient, and fom is the fraction of organic matter in the sediment. The Koc values for OTC 
(26,134 L/kg) and ENR (186,342 L/kg), were obtained from Jones et al. (2005) and Nowara et al. 
(1997), respectively, and were selected based on experimental data from soils with similar 
characteristics (i.e., clay content, organic matter content) as the sediments we sampled. The fom 
values were based on the mean measured value in each monitoring campaign (Table S1). 
 
The ecological risk assessment was performed by following a Risk Quotient (RQs) approach and by 
using Species Sensitivity Distributions (SSDs). RQs were calculated by dividing the maximum 
measured water and pore water concentrations by Predicted No Effect Concentrations (PNECs) 
for primary producers and invertebrates. PNECs were derived by using toxicity data for standard 
test species and assessment factors as proposed in the international guidelines for the risk 
assessment of veterinary medicines (VICH, 2004). SSDs  were separately built for primary 
producers and invertebrates (for rationale see Posthuma et al., 2002). The datasets used to build 
the SSDs were a combination of the toxicity data generated in the current study and toxicity 
values (EC50 and LC50) collected from the literature (see Table S2). SSDs were built by fitting the 
toxicity data to a log-normal distribution using the ETX 2.0 software (Van Vlaardingen et al., 2004). 
The fit of the toxicity datasets to the log-normal distribution was assessed by the Anderson-
Darling goodness of fit test (p = 0.05). The median Hazardous Concentration for the 5 and 50% of 
species (HC5 and HC50, respectively) and their 95% confidence interval (CI) were calculated 
according to Aldenberg and Jaworska (2000). In order to compare the primary producers and 
invertebrate sensitivities to the studied antibiotics, the significant differences between the 
distributions of toxicity data were evaluated by the two-sample Kolmogorov-Smirnov test (p = 
0.05) using the GenStat 15th Edition software (VSN International Ltd, Hemel Hempstead, UK). For 
each SSD, the Potentially Affected Fraction (PAF) of species was conservatively calculated based 
on the maximum measured antibiotic concentration in the water and the estimated maximum 
sediment pore water concentration. 
 
3. Results  
 
3.1.  Antibiotic use 
 
All the interviewed tilapia farmers reported to use antibiotics. Ten different antibiotic ingredients 
were identified (Fig. 2), belonging to 5 different classes (β-lactams, quinolones, sulfonamides, 
tetracyclines, diaminopyrimidines). Overall, the most commonly used antibiotics were 
enrofloxacin (59% of the interviewed farmers declared to use it), followed by oxytetracycline 
(48%), amoxicillin (28%), and sulfadiazine potentiated with trimethoprim (28%). On average, 
farmers reported to use two different antibiotics per farm, however, some farmers (24%) applied 
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between 4 and 7 different antibiotic ingredients. Antibiotic use patterns of the interviewed 
farmers in the Tha Chin River and in the Mun River were found to be very similar. In all cases 
antibiotics were reported to be applied mixed with feed (once or twice a day) for a period ranging 
between 3-10 days or longer until tilapia mortalities decreased. Dosages reported in product 
labels ranged between 10-100 mg/kg b.w. per day, depending on the active ingredient. Farmers 
reported to use antibiotics to treat disease outbreaks between 1 and 3 times per production cycle 
(usually 4 months). In addition, about 70% of the interviewed farmers reported to apply 
antibiotics routinely to prevent diseases associated to the stress generated during the stocking of 
fingerlings. Changes in river water quality were reported to be associated to fish disease, 
particularly dissolved oxygen drops during the dry season and heavy water runoff events 
occurring during the beginning of the rainy season. Farmers also reported that high loads of 
organic material and traces of pesticides from the surrounding agricultural fields (mainly rice 
crops) could be the cause of the mortalities observed after runoff events. Besides antibiotics, 
farmers also reported the use of parasiticides (e.g. trifluralin, praziquantel), salts (e.g. sodium 
chloride, potassium permanganate), probiotic enzymes and yeasts, and other feed additives such 
as vitamin C, proteins, and polysaccharides.  
 
Figure 2. List of reported antibiotics and percentage of use amongst the interviewed tilapia farmers. 
 
3.2. Antibiotic contamination 
 
OTC was detected in 25% of the water samples collected during the dry season and in 100% of the 
water samples collected during the wet season in the Tha Chin River, with a maximum measured 
antibiotic concentration of 3.1 µg/L (Table 2). ENR was only detected in the water samples 
collected during the wet season, and the maximum measured concentration was 1.6 µg/L (Table 
2). Both antibiotics were detected indistinctively in the majority of the sampling locations (Fig. 
S2). OTC and ENR were measured in all the sediment samples collected in the aquaculture-
impacted areas of the Tha Chin River (dry and wet season) and Mun River. Sediment 
concentrations of antibiotics ranged between 4.5 and 4,062 µg/kg d.w. for OTC, and between 1.4 
and 2,339 µg/kg d.w. for ENR. Overall, measured antibiotic concentrations in the Mun River were 
found to be higher than those measured in the Tha Chin River, and antibiotic concentrations in 
the wet season were found to be lower than in the dry season, especially for OTC (Fig. 3). The 
highest sediment concentrations in the Mun River were measured in locations 1, 2 and 4 (Fig. S2), 
which coincided with the river locations that held the highest density of tilapia cages. ENR was not 
detected in the sediments of the reference site sampled in the Mun River, and OTC was detected 
at low concentrations (5.4-6.0 µg/kg d.w.) in 4 out of the 6 collected samples. 
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Table 2. Summary of measured oxytetracycline (OTC) and enrofloxacin (ENR) concentrations in the collected water and 
sediment samples from the Tha Chin and Mun rivers.  
  Water Sediment 
  OTC ENR OTC ENR 
Tha Chin River  
(dry season) 
Number of samples 24 24 19 19 
Detection rate 25% n.d. 100% 100% 
Geometric mean concentration a 0.22 n.d. 42.4 51.2 
Maximum concentration a 3.05 n.d. 2119 285 
Tha Chin River  
(wet season) 
Number of samples 10 10 12 12 
Detection rate 100% 100% 100% 100% 
Geometric mean concentration a 0.50 0.49 12.9 45.4 
Maximum concentration a 1.76 1.59 94.9 67.3 
Mun River  
(dry season) 
Number of samples NM NM 30 30 
Detection rate NM NM 100% 100% 
Geometric mean concentration a NM NM 245 198 
Maximum concentration a NM NM 4062 2339 
Mun River  
(reference site) 
Number of samples NM NM 6 6 
Detection rate NM NM 67% n.d. 
Geometric mean concentration a NM NM 5.57 n.d. 
Maximum concentration a NM NM 5.95 n.d. 
a Concentrations are expressed in µg/L for water samples and µg/kg d.w. for sediment samples. 
NM: not measured; n.d.: not detected 
 
 
 
Figure 3. Measured concentrations of oxytetracycline (white boxes) and enrofloxacin (grey boxes) in the sediment 
samples. Each box shows the median, the 25
th 
and 75
th
 percentiles, the lowest datum within 1.5 times the interquartile 
range of the lower quartile, and the highest datum within 1.5 times the interquartile range of the upper quartile. Dots 
represent outliers (values between 1.5 and 3 times the range between the lower and upper interquartile). 
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OTC concentrations in the water samples collected 15 min after antibiotic administration in FARM 
1 were 37 (26-49) µg/L inside the cages, and 6.4 (1.6-11) µg/L next to the cages (mean; minimum-
maximum). Mean OTC concentrations dropped to 0.4 µg/L inside the cages and 0.1 µg/L next to 
the cages 1h after administration, and fell below the LOD 15h after antibiotic administration (Fig. 
4A).  
 
 
 
Figure 4. Measured oxytetracycline concentrations in water samples of FARM 1 (A), and measured oxytetracycline (B) 
and enrofloxacin concentrations (C) in sediment samples of FARM 2. The dashed lines indicate the end of the antibiotic 
administration period. 
 
Maximum OTC concentrations in the sediments of FARM 2 (1 day after the end of the treatment) 
were 6,908 µg/kg d.w. in the sampling points located next to the treated cages, and 4,372 and 
880 µg/kg d.w. at 30 and 60 m down-stream the cages (Fig. 4B). OTC concentrations dropped to 
about 20% of the peak sediment concentrations 11 days after administration, and the estimated 
first-order half-dissipation time in the sediment (DT50sed) was 6.6 d. Measured ENR 
concentrations in the water samples collected next to the cages ranged between 0.10-0.71 µg/L 
during the administration period, and could not be detected in the sampling points further down 
the river, nor in the water samples collected after the administration period. Maximum ENR 
concentrations in the sediments were 1,398 µg/kg d.w. next to the cages, and 121 and 26 µg/kg 
d.w. at 30 and 60 m down-stream the monitored cages (Fig. 4C). Enrofloxacin concentrations in 
sediments next to the tilapia cages decreased sharply after the administration period, but 
remained stable down-stream from the sampled tilapia cages (Fig. 4C). The estimated DT50sed was 
9.3 d (calculated for a period of 18 days after antibiotic administration). 
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3.3. Toxicity experiments 
 
The results of the toxicity experiments are shown in Table 3. Average antibiotic dissipation in the 
test media 48-h after the start of the experiment ranged between 18 and 33% for OTC, and 
between 6 and 21 % for ENR. No significant differences were observed in the recorded effects 
between the controls that were rinsed with the Na-EDTA solution and the non-rinsed ones in the 
OTC experiments (data not shown). Calculated EC10 and EC50 values were in the order of mg/L, 
indicating that the studied antibiotics do not show a high acute toxicity to the tested invertebrate 
species. L. hoffmeisteri was found to be the most sensitive species to OTC (EC50 = 217 mg /L), 
whereas M. lanchesteri and P. acuta showed the highest sensitivity to ENR (LC50 = 202 and EC50 = 
281 mg/L, respectively). M. tuberculata showed the lowest sensitivity to both antibiotics, 
probably due to their ability of covering their soft body with the operculum during chemical stress 
events. All the tested species showed higher tolerance to the tested antibiotics than Daphnia 
magna, the standard test species used as invertebrate surrogate in the risk assessment of 
antibiotics (Fig. 5). 
 
 
 
 
Figure 5. Species Sensitivity Distributions (SSDs) for oxytetracycline (A) and enrofloxacin (B) based on acute toxicity 
data. The parameters of the SSDs are shown in Table 4.  
3.4. Ecological risk assessment 
 
The risk assessment based on RQs indicated potential risks (RQ>1) for the growth of primary 
producer communities exposed to OTC in the water layer and river sediments, and for primary 
producers exposed to water concentrations of ENR. The calculated risks of both antibiotics 
following the RQ approach for invertebrates were found to be insignificant (Table 4).  
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A. SSDs for oxytetracycline 
Primary producers
Invertebrates
Microcystis wesenbergii 
Microcystis aeruginosa 
Anabaena variabilis 
Anabaena flos-aquae 
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Lemna gibba 
Synechococcus leopoldensis 
Synechococcus sp. 
Lemna minnor 
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Hydra attenuata 
Daphnia magna 
Moina macrocopa 
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parthenogenetica 
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E(L)C50 values (µg/L) 
B. SSDs for enrofloxacin 
Primary producers
Invertebrates
Microcystis aeruginosa 
Lemna minor 
Anabaena flos-aquae 
Pseudokirchneriella subcapitata 
Desmodesmus subspicatus 
Scenedesmus obliquus 
Litopenaeus vannamei (larvae) 
Daphnia magna 
Macrobrachium lanchesteri 
Physella acuta 
Limnodrilus hoffmeisteri 
Micronectinae sp. 
Melanoides tuberculata 
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The SSD curves for OTC and ENR are shown in Fig. 5. The Anderson-Darling goodness of fit test 
was accepted for the four SSD curves. The SSDs indicate that, for OTC, blue-green algae 
(Anabaena sp. and Microcystis sp.) are more sensitive than the other taxa represented within the 
primary producer community, and microinvertebrates invertebrates are generally less tolerant 
than macroinvertebrates. The calculated median HC5 values for OTC were 75 µg/L for primary 
producers and 10,405 µg/L for invertebrates. For ENR, blue-green algae (Microcystis aeruginosa) 
and macrophytes (represented by Lemna minor) showed a higher sensitivity compared to green 
algae species, and the larval stage of Litopennaeus vanamei was found to be more sensitive than 
D. magna and the rest of macroinvertebrate species tested in this study. The median HC5 values 
for ENR were 8.8 and 28,190 µg/L for primary producers and invertebrates, respectively. The 
results of the Kolomogorov-Smirnov test indicated that primary producers are significantly more 
sensitive than invertebrates for both OTC (ks=0.69, n1=16, n2=10, p=0.003) and ENR (ks=0.86, 
n1=6, n2=7, p=0.009). The ecological risk assessment based on the maximum antibiotic exposure 
concentrations and the SSDs indicated minimal risks for both investigated antibiotics on the 
studied aquatic communities (PAFs < 5%) (Table 4). 
 
4. Discussion 
 
A total of ten different antibiotics were reported to be used for disease treatment and prevention 
by farmers in the Tha Chin and in the Mun rivers. The frequency of antibiotic use in the 
interviewed farms is markedly higher than the frequencies reported in pond-based tilapia farms 
of Thailand (Rico et al., 2013a), probably due to the higher incidence of disease outbreaks 
associated to the fluctuating environmental and water quality conditions, and the high 
vulnerability to parasites and bacterial infestations (Belton et al., 2009b). In addition, the limited 
disease diagnostic capacity denoted by the interviewed farmers combined with the promotional 
sales by the feed distribution companies are main factors contributing to the regular antibiotic 
use. The batched production system and the antibiotic use patterns in each batch (i.e., 
characterized by long treatment durations and several applications per culture cycle) is resulting 
in a continuous discharge of antibiotics in the rivers in which tilapias are cultured. 
 
The maximum OTC and ENR water concentrations measured in the Tha Chin River (49 and 1.59 
µg/L, respectively) are one or two orders of magnitude higher than the concentrations monitored 
in other Asian aquatic environments receiving aquaculture pollution (Managaki et al., 2007; Zou 
et al., 2011; Yang et al., 2010; Takasu et al., 2011; Shimizu et al., 2013). The measured 
concentrations were as high as antibiotic concentrations monitored in pig farm effluents, hospital 
waste waters, sewage waters, and urban drainage systems of Asian countries (Managaki et al., 
2007; Takasu et al., 2011; Shimizu et al., 2013), confirming that tilapia cage farming is an 
important source of antibiotic pollution. The results of this study revealed that peak antibiotic 
concentrations in the river water occur during antibiotic administration in the tilapia cages. This is 
in accordance with the study conducted by Duis et al. (1995), which demonstrated that the 
leaching of several antibiotics from oil-coated fish-feed pellets might range between 18-67% 
within 15 min after administration, and in the case of the studied tilapia cage farms this amount 
can be higher since only water was reported to be used as a coating agent. The water peak 
concentrations of OTC (49-26 µg/L) measured inside the tilapia cages of FARM 1 are in the order 
of magnitude of the peak concentrations measured during OTC administration in fish hatcheries 
(Dietze et al., 2005) and raceways (Bebak-Williams et al., 2002). However, the antibiotic 
dissipation from the surroundings of the administration area was found to be much quicker than 
in these semi-closed systems, as antibiotics are rapidly transported down-stream and diluted with 
the river water. This shows that water exposure is characterized by short-lasting antibiotic pulses. 
The higher detection rate of antibiotics in the water samples collected in the beginning of the wet 
season might be explained by several factors.  
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Table 3. Results of the oxytetracyline and enrofloxacin toxicity tests: measured exposure concentrations at the start of the experiment, dissipation of the antibiotics in the test 
media, effect concentrations, and slope of the fitted dose-response curve. 
 Oxytetracycline Enrofloxacin  
Species  
Exposure 
concentrations 
(mg/L) 
Dissipation (%) 
 after 48h 
(mean±SD) 
EC10-48h in 
mg/L (CI 95%) 
EC50-48h in 
mg/L (CI 95%) 
Slope 
(L/mg) 
Exposure 
concentrations 
(mg/L) 
Dissipation (%) 
 after 48h 
(Mean±SD) 
EC10-48h in 
mg/L  
(CI 95%) 
EC50-48h in 
mg/L (CI 95%) 
Slope 
(L/mg) 
Limnodrilus hoffmeisteri 
80, 136, 265, 467, 
829 
18±17 
95.5  
(NC) 
217  
(NC) 
3.59 
32, 64, 135, 293, 
503 
10±6 
285  
(238-342) 
360  
(317-409) 
12.7 
Macrobrachium lanchesteri 13, 32, 89, 167, 300 29±16 > 300 a,b > 300 a,b NC 
147, 270, 366, 514, 
634 
11±8 
85.2  
(27.0-269) b 
202  
(128-319) b 
3.41 
Melanoides tuberculata 
112, 277, 461, 868, 
1052 
33±13 > 958 a > 958 a NC 
79, 113, 207, 370, 
658 
11±5 
98  
(56-173) 
520  
(337-801) 
1.77 
Micronectinae sp. 
138, 330, 519, 677, 
937 
29±9 
148  
(59-369) b 
647  
(440-952) b 
1.99 
46, 91, 185, 352, 
603 
6±5 
335  
(292-384) b 
408  
(367-455) b 
14.9 
Physella acuta 
142, 315, 631, 
1072, 1409 
29±7 
528  
(376-742) 
791  
(676-925) 
7.31 
58, 137, 424, 524, 
749 
21±7 
40.1  
(13.3-121) 
281  
(141-558) 
1.51 
NC: not calculated. a Not clear dose-response. b The evaluated endpoint was mortality. 
Table 4. Maximum measured exposure concentrations (MECs), predicted acute no effect concentrations (PNECs), calculated parameters of the species sensitivity distributions, 
results of the risk assessment expressed as risk quotients (RQs) and median potentially affected fractions (PAFs) based on acute toxicity data for water and sediments. 
 Exposure concentrations Effect assessment Risk assessment 
  
MEC 
water 
in µg/L 
MEC 
pore water in 
µg/L a 
PNEC  
in µg/L 
HC5 
in µg/L 
(CI 95%) 
HC50 
in µg/L 
(CI 95%) 
SD of 
log 
SSD 
data 
RQ 
water 
RQ 
sediment 
PAF (%) 
water  
(CI 95%) 
PAF (%) 
sediment 
(CI 95%) 
Oxytetracycline           
   Primary producers 
49 5.08 
2.18 b 74.5 (16.4-199) 1504 (686-3295) 0.78 22.4 2.33 3.05 (0.46-11.7) 0.09 (0.002-1.70) 
   Invertebrates 117 c 10405 (1790-28173) 123857 (53270-287982) 0.63 0.41 0.04 NC f NC f 
Enrofloxacin           
   Primary producers 
1.59 0.29 
0.49 d 8.80 (0.05-91.5) 948 (105-8559) 1.16 3.24 0.60 1.25 (0.01-17.1) 0.23 (<0.001-9.81) 
   Invertebrates 57.5 e 28190 (4613-68012) 184683 (83219-409855) 0.47 0.03 0.005 NC f NC f 
a Pore water concentrations corresponding to a measured sediment concentrations of 6908 and 2339 µg/kg d.w. for oxytetracycline and enrofloxacin, respectively. b Based on the geometric mean of the EC50 values reported 
by Ando et al. (2007) and Holten Lützhøft et al. (1999) for Microcystis aeruginosa, and an assessment factor of 100. c Based on the geometric mean of the EC50 values reported by Park and Choi (2008), Isidori et al. (2005), 
and Kołodziejska et al. (2013) for Daphnia magna, and an assessment factor of 1000.  d Based on the EC50 value reported by Robinson et al. (2005) for Microcystis aeruginosa, and an assessment factor of 100. e Based on the 
geometric mean of the EC50 values reported by Park and Choi (2008) and Kim et al. (2010) for Daphnia magna, and an assessment factor of 1000. f Not calculated. The exposure concentration falls below the lower limit used 
in the PAF calculations, indicating an insignificant risk.  
1
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First, the higher measured concentration of particulate organic matter during the rainy season 
(Table S1), together with the potential higher concentration of humic substances, are positively 
correlated to an increased water turbidity and, according to the study by Ge et al. (2010), are 
likely to contribute to a higher stability of antibiotics in the water column. Second, the increase in 
the water flow-rates during the wet season (Thaipichitburapa et al., 2010) are likely to contribute 
to a higher antibiotic desorption and re-suspension from river sediments. Finally, farmers 
reported higher antibiotic application rates during this season due to the observed higher fish 
stress, potentially caused by more frequent runoff events and the varying environmental and 
water quality conditions during the monsoon period. 
 
Our analysis of the sediment samples demonstrated that antibiotics are retained in the river 
sediments and may reach concentrations up to several mg/kg. The OTC and ENR sediment 
concentrations measured in the Tha Chin and Mun rivers are within the order of magnitude of the 
antibiotic concentrations reported in sediments collected under marine fish cages after 
chemotherapy (Coyne et al., 1994; Capone et al., 1996), and are comparable or even higher than 
antibiotic concentrations measured in sediments of other large Asian rivers impacted by urban or 
agricultural pollution (Yang et al., 2010; Zhou et al., 2011; Xue et al., 2013). The results of the 
monitoring performed in FARM 2 show that antibiotics tend to accumulate underneath or next to 
the tilapia cages, suggesting that not only water-sediment sorption, but also faeces and uneaten 
feed sedimentation, might play a substantial role in the antibiotic’s transport to the sediment. 
Antibiotics were found to be widely distributed along the sampled river areas and to persist for 
several weeks in the river sediments (Fig. 4).  
 
Factors such as seasonal water flow variation, suspended solid concentrations in river water, river 
morphology, and farm density are expected to influence the distribution and occurrence of 
antibiotics in river sediments. For instance, higher water flow and the resulting dilution during the 
wet season might explain the lower OTC concentrations in the sediment, as tetracyclines have 
higher water solubility and lower sediment-sorption potential than fluoroquinolone antibiotics 
(Thiele-Bruhn, 2003). Overall, the higher magnitude of the antibiotic concentrations measured in 
the sediment samples from the Mun River compared to the Tha Chin River could be related to the 
lower relative distance of the sampling points to the tilapia cages and the higher concentration of 
cage farms in the sampled locations. Low OTC concentrations were detected in the sediment 
samples collected in the reference area sampled in the Mun River. This could be explained by the 
possibility that tetracycline antibiotics naturally occur in the environment, as a product of 
Streptomyces spp. bacteria (Chopra and Roberts, 2001), or because of other possible sources of 
contamination (e.g. transport from up-stream farms).  
 
The RQ-based ecological risk assessment performed for OTC and ENR indicated potential risks for 
primary producer communities (particularly for blue-green algae), mainly in the water layer. 
However, the calculated risks were found to be negligible when the more realistic SSD approach 
was used. Knapp et al. (2005) did not find significant effects on water quality in freshwater 
microcosms exposed to a single-pulse of 25 µg/L of enrofloxacin. Wilson et al. (2004) found dose-
response effects on phytoplankton communities exposed to a mixture of four tetracyclines for 35 
days, with significant effects starting at an approximate concentration of 120 µg/L. Regarding the 
results of the experiments performed by Knapp et al. (2005) and Wilson et al. (2004), together 
with the risk assessment calculations performed in this study, the monitored antibiotic 
concentrations in the waters of the Tha Chin and Mun rivers are not expected to exert direct toxic 
effects on non-target aquatic communities. However, more experiments should be performed 
with long-term exposure regimes and with benthic and sediment dwelling organisms, since 
antibiotic exposure in sediments was demonstrated to last for long periods. These experiments 
should also include microorganisms and their related functional endpoints. Moreover, the nature 
of the antibiotic use practices and the results of the environmental monitoring show that aquatic 
ecosystems are exposed to antibiotic mixtures. Therefore, refined ecological risk assessments 
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must consider the potential consequences of combined antibiotic toxicity (and other stressors) in 
aquatic organisms.  
 
Despite the low ecological risks calculated in this study, the regular antibiotic administration and 
the prevalence of antibiotics in river sediments is expected to exert selective pressure on the 
sediment bacterial communities, leading to development of (multiple) antibiotic resistance 
(Cabello et al., 2006). The development of multi-drug resistance in the environment and the 
horizontal gene transfer to human pathogens has become a serious problem in the recent years, 
particularly in Asia (Suzuki and Hoa, 2012). It is estimated that antimicrobial resistance is 
responsible for more than 30,000 deaths annually in Thailand (Pumart et al., 2012). Despite the 
majority of the acquired drug resistance in humans is thought to be a consequence of irrational 
antibiotic consumption (Sumpradit et al., 2012), the contribution of the regular antibiotic use in 
tilapia cage farming to the health of the tilapia farmers and riverine populations, relying on water 
resources and fish from antibiotic polluted rivers, remains largely uncertain. Furthermore, the 
development of resistant bacteria, which are usually more virulent than non-resistant strains, 
might pose a threat for the wild fish populations in the polluted rivers and for consumers 
capturing wild fish stocks exposed to antibiotic residues. Therefore, further attention must be 
paid by local authorities to monitor antibiotic pollution and resistant bacteria in these rivers, and 
to assess their impacts to the ecosystem and human’s health.  
 
5. Conclusions 
 
This study demonstrated that the intensive use of antibiotics in tilapia cage production in Thailand 
constitutes an important source of contamination for freshwater ecosystems. Ecosystems are 
regularly exposed to antibiotic pulses and to antibiotic mixtures. Regarding the risk assessment 
calculations performed in this study, which is based on a single-compound approach, the 
measured antibiotic concentrations of OTC and ENR are not expected to result in short-term 
toxicity to primary producers and invertebrates. However, further research is needed in order to 
assess the effects of long-term exposure and mixtures of antibiotics to tropical aquatic 
ecosystems. Such experiments should include sediments and benthic organisms, and ecosystem 
functional endpoints associated to microorganism communities such as nutrient cycling and 
organic matter decomposition. On the other hand, the repeated antibiotic use is expected to 
result in the development of antibiotic-resistant bacteria, making antibiotics actually ineffective 
against the target pathogens. In this way, farmers are forced to increase doses and continuously 
change antibiotic ingredients, compromising the (environmental) sustainability of this aquaculture 
practice. Further attention must be paid by local farmers and Thai authorities to control the use of 
antibiotics in tilapia cage-farm production, and to monitor the development and potential 
consequences of multi-drug resistance for human’s and environmental health. 
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Supporting Information 
 
Description of the study areas 
 
The Tha Chin River (Central Thailand) is a distributary of the Chao Phraya River that drains part of 
the Central Plains of Thailand and mouths into the Gulf of Thailand. The investigated area of the 
Tha Chin River was located in the Suphan Buri Province, at a river transect of approximately 15 km 
situated in the Sam Chuk and Doem Bang Nang Buat districts. River width at the study area was 
25-45 m, water depth 5.3-11.5 m, and water flow 0.7-1.2 m/s (Thaipichitburapa et al., 2010).  
 
The Mun River (North-East Thailand) drains the waters of the Khorat Plateau and is one of the 
main tributaries of the Mekong River. The area investigated was located in the Ubon Ratchathani 
Province, at a river transect of approximately 40 km length and 200-250 m width, and 
encompassing a high density of tilapia cage farms. 
 
Sample collection and preservation methods 
 
A long-tail boat was used for transportation in order to collect the water samples in the Tha Chin 
river. Water samples were collected approximately 1 m below the surface with a water grab 
sampler and stored in pre-cleaned plastic bottles. The collected samples were placed in a cooler 
during transportation to the laboratory, and were stored in the fridge (4°C) for a maximum period 
of 24h until further extraction.   
 
All sediment samples were collected on board a boat or from the cage’s steel frames. In all cases, 
sediment samples (400-800 g) were collected from approximately the top 5 cm layer using an 
Ekman grab sampler (surface area: 225 cm2) and were immediately introduced into zip lock 
plastic bags. The plastic bags were placed in a cooler during transportation and stored in a freezer 
(-20°C) until further analysis. 
 
During the sampling campaigns, basic water quality parameters were monitored in situ 
(temperature, dissolved oxygen, pH, and conductivity). Furthermore, extra water and sediment 
samples were taken in order to characterise the water (hardness, suspended solids, chlorophyll-a) 
and sediment (water, organic matter, texture) of the sampled areas. All water and sediment 
quality measurements were done according to the protocols described in APHA (1996) and are 
shown in Table S1. 
 
Table S1. Water and sediment quality parameters measured in the samples collected during the monitoring campaigns 
in the Tha Chin and in the Mun rivers (Thailand). Data are expressed as mean ± SD. 
 
Tha Chin River 
(dry season) 
Tha Chin River 
(wet season) 
Mun River 
(dry season) 
Mun River 
(reference site) 
Water 
    
Temperature (°C) 31 ± 1.2 30 ± 0.1 26 ± 1.9 26 ± 1.4 
Dissolved oxygen (mg/L) 2.7 ± 1.2 2.8 ± 0.3 5.2 ± 1.6 6.7 ± 0.2 
pH 6.8 ± 0.1 6.9 ± 0.5 6.9 ± 0.3 6.9 ± 0.2 
Conductivity (µS/cm) 203 ± 5.1 194 ± 2.2 203 ± 33 201 ± 18 
Hardness (mg CaCO3/L) 69 ± 1.8 59 ± 3.5 NM NM 
Total suspended solids (mg/L) 16 ± 2.8 70 ± 16 27 ± 11 35  ± 1.1 
Chlorophyll-a (µg/L) 1.9 ± 0.7 0.9 ± 0.2 NM NM 
Sediment 
    
Water content (%) 33 ± 8.3 41 ± 8.6 33 ± 13 36 ± 20 
Organic matter (%) 7.5 ± 1.8 5.2 ± 1.4 4.3 ± 1.9 1.6 ± 2.2 
Clay (%) 26 ± 12 62 ± 22 13 ± 6.5 3.4 ± 5.5 
Sand (%) 34 ± 15 30 ± 23 37 ± 26 80 ± 32 
NM: not measured. 
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Antibiotic extraction methods and analysis 
Antibiotic extraction from the toxicity test media and the water samples collected in the Tha Chin 
River were done with solid phase extraction (SPE) OASIS HLB cartridges (3cc, Waters, USA), 
preconditioned with 5 mL of MeOH and 5 mL of distilled water. For the analysis of the 
experimental media, 10 mL were passed through the SPE cartridges  by means of a plastic syringe. 
For the analysis of the monitoring samples, a water volume of approximately 1 L was passed 
through the SPE cartridges by using a vacuum pump (average speed: 10 mL/min). Before 
extraction, the water samples collected during the field monitoring were filtered through a 1.2 
µm pore size glass microfiber filter (Whatman GF/C), and the pH was adjusted to 5.5-6.0 by drop 
adding acetic acid/acetate buffer solution, in order to improve the antibiotic retention in the SPE 
cartridges. After SPE the cartridges were stored in a freezer at -20°C until elution. Elution was 
performed with 5 mL (5x1 mL) of 0.01 M NaOH-acetonitrile (75:25, v/v) solution. The extracts 
were transferred into 2 mL plastic vials and stored at -20°C until analysis. 
Antibiotic extraction from the sediment samples was based on the method described by Yang et 
al. (2010). Approximately 20 g of sediment were introduced into plastic centrifuge tubes. 
Subsequently, 100 µL of internal standard (tetracycline and enrofloxacin d-5) were spiked into the 
centrifuge tubes and kept in dark for 30 min. Twenty mL of a mix of 0.2 M citric acid buffer (pH4) 
and acetonitrile (50:50; v/v) were added to the centrifuge tubes and shaken manually. 
Subsequently, the tubes were sonicated for 15 min and shaken for 30 min (150 rpm). After 
shaking, the samples were centrifuged at 25 °C for 10 min at 12,000 rpm. The obtained 
supernatant was placed in 30 mL glass tubes and evaporated at 55°C under a gentle stream of air 
to remove the organic solvent. The aqueous sediment extract was diluted in 200 mL of Milli-Q 
water with 0.2 g of Na2-EDTA. The aqueous sediment extracts were then cleaned-up and enriched 
by means of SPE Oasis HLB cartridges (500 mg, 6 cc, Waters, USA), preconditioned with 10 mL of 
MeOH and 10 mL of Milli-Q water. After all the extract was loaded completely, the glass bottle 
containing the aqueous extract and the cartridge were rinsed with 10 mL of Milli-Q water, and the 
cartridges were vacuum dried for 1 h. Next, the antibiotics were eluted from the cartridges with 
10 mL of MeOH (5x2mL) and the eluents were evaporated to dryness at 55°C. The pellet was 
dissolved by adding 400 µL of acetonitrile and 1600 µL of Milli-Q water, with vortex and 
sonication (10 min). Finally, the extracts were transferred into 2 mL plastic vials and stored at -20 
°C until analysis. 
The antibiotic analysis of the water and sediment extracts was made by LC-MS/MS.  Prior to 
injection, the extracts obtained from the toxicity test experimental media were diluted. An extract 
volume of 50 µL was injected into the chromatographic system by means of an Agilent 1200 series 
(Agilent Technologies, Germany).  Separation was done on a Zorbax XDB-C18 column (4.6 x 150 
mm, 5 µm), set to a temperature of 25 °C, using binary gradient elution. Mobile phase A consisted 
of formic acid solution in Milli-Q water (0.01% v/v) and mobile phase B consisted of formic acid 
solution in acetonitrile (0.01% v/v). The mobile phase lasted for 20 min and was performed at a 
constant flow rate of 0.7 mL/min according to the following elution gradients: held at 10% B for 
10 min, then moved to 80% and held for 4 min, and then moved to 20% and held for 6 min. In 
order to prevent contamination of the MS, part of the eluent was sent to the waste (0-5 min and 
after min 16 for water samples, and 0-7 min and 12-20 min for sediment samples). The mass 
spectrometry analysis was conducted with a triple quadrupole mass spectrometer (Agilent 
Technologies 6410) equipped with an ESI+. The nebulizer pressure was set to 35 psi and the flow 
rate of drying gas (nitrogen) was 8 L/min. The capillary voltage was 3000 V and the dry 
temperature 350 °C. Sample acquisition was performed in the multiple reaction monitoring 
(MRM) mode. Calculated recoveries of the method used for the toxicity test media (with an 
antibiotic concentration of 500 mg/L) were 97±11% for OTC, and 72±6% for ENR (Mean±SD, n=3). 
The calculated recoveries for OTC and ENR following the method used for the environmental 
samples were 48±2% and 112±13% (n=4), respectively, for an antibiotic concentration of 10 µg/L. 
The calculated recoveries in the sediment samples collected from the reference site were 78±3% 
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and 99±6% for OTC and ENR, respectively. When the method recovery was below 70% the final 
measured antibiotic concentrations were re-calculated. The limit of detection (LOD) and limit of 
quantification (LOQ) in the water samples were 0.02 and 0.05 µg/L for OTC, and 0.01 and 0.02 
µg/L for ENR. The LOD and LOQ in the sediment samples were 0.8 and 2.6 µg/kg d.w. for OTC, and 
0.3 and 1.1 µg/kg d.w. for ENR, respectively. 
Table S2. Toxicity data used to build the species sensitivity distributions. Only EC50 or LC50 values calculated for a 
exposure duration of 1-7 days for primary producers and 1-4 days for invertebrates were selected. The geometric mean 
was calculated when more than one toxicity value was available for a species.  
Species name Species group Evaluated endpoint 
Toxicity 
value (mg/L) 
Reference 
Oxytetracycline 
    
Anabaena cylindrica Blue-green algae EC50-6d (growth inhibition) 0.032 Ando et al. (2007) 
Anabaena flos-aquae Blue-green algae EC50-6d (growth inhibition) 0.39 Ando et al. (2007) 
Anabaena variabilis Blue-green algae EC50-6d (growth inhibition) 0.36 Ando et al. (2007) 
Microcystis aeruginosa Blue-green algae EC50-6d (growth inhibition) 0.23 Ando et al. (2007) 
Microcystis aeruginosa Blue-green algae EC50-72h (growth inhibition) 0.207 Holten Lützhøft et al. (1999) 
Microcystis wesenbergii Blue-green algae EC50-6d (growth inhibition) 0.35 Ando et al. (2007) 
Nostoc sp. Blue-green algae EC50-6d (growth inhibition) 7 Ando et al. (2007) 
Synechococcus leopoldensis Blue-green algae EC50-6d (growth inhibition) 1.1 Ando et al. (2007) 
Synechococcus sp. Blue-green algae EC50-6d (growth inhibition) 2 Ando et al. (2007) 
Chlorella vulgaris Green algae EC50-72h (growth inhibition) 7.05 Eguchi et al. (2004) 
Scendesmus vacuolatus Green algae EC50-24h (growth inhibition) 40.4 Kołodziejska et al. (2013) 
Isochrysis galbana Green algae EC50-96h (growth inhibition) 6.43 De Orte et al. (2013) 
Pseudokirchneriella subcapitata Green algae EC50-72h (growth inhibition) 0.342 Eguchi et al. (2004) 
Pseudokirchneriella subcapitata Green algae EC50-72h (growth inhibition) 4.5 Holten Lützhøft et al. (1999) 
Pseudokirchneriella subcapitata Green algae EC50-72h (growth inhibition) 0.17 Isidori et al. (2005) 
Pseudokirchneriella subcapitata Green algae EC50-96h (growth inhibition) 3.1 Zounková et al. (2011) 
Pseudokirchneriella subcapitata Green algae EC50-48h (growth inhibition) 1.26 a Christensen et al. (2006) 
Tetraselmis chuii Green algae EC50-72h (growth inhibition) 13.16 Ferreira et al. (2007) 
Phaeodactylum tricornutum Diatom EC50-96h (growth inhibition) 1.73 De Orte et al. (2013) 
Lemna gibba Macrophyte EC50-7d (wet weight) 1.01 Brain et al. (2004) 
Lemna minor Macrophyte EC50-7d (growth inhibition) 4.92 Pro et al. (2003) 
Lemna minor Macrophyte EC50-7d (growth inhibition) 2.1 Zounková et al. (2011) 
Lemna minor Macrophyte EC50-7d (growth inhibition) 3.26 Kołodziejska et al. (2013) 
Daphnia magna Crustacean EC50-48h (immobilization) 621.2 Park and Choi (2008) 
Daphnia magna Crustacean EC50-48h (immobilization) 114 Kołodziejska et al. (2013) 
Daphnia magna Crustacean EC50-48h (immobilization) 22.64 Isidori et al. (2005) 
Moina macrocopa Crustacean EC50-48h (immobilization) 126.7 Park and Choi (2008) 
Artemia parthenogenetica Crustacean LC50-48h (mortality) 806 Ferreira et al. (2007) 
Ceriodaphnia dubia Crustacean EC50-48h (immobilization) 18.65 Isidori et al. (2005) 
Thamnocephalus platyurus Crustacean EC50-48h (immobilization) 25 Isidori et al. (2005) 
Brachionus calyciflorus Rotifer EC50-48h (immobilization) 34.21 Isidori et al. (2005) 
Hydra attenuata Cnidarian EC50-96h (morphology) 40.13 Quinn et al. (2008) 
Limnodrilus hoffmeisteri Worm EC50-48h (immobilization) 217 This study 
Micronectinae sp. Insect EC50-48h (mortality) 647 This study 
Physella acuta Mollusc EC50-48h (immobilization) 791 This study 
Enrofloxacin 
    
Microcystis aeruginosa Blue-green algae EC50-5d (growth inhibition) 0.049 Robinson et al. (2005) 
Anabaena flos-aquae Blue-green algae EC50-72h (growth inhibition) 0.173 Ebert et al. (2011) 
Desmodesmus subspicatus Green algae EC50-72h (growth inhibition) 5.57 Ebert et al. (2011) 
Pseudokirchneriella subcapitata Green algae EC50-72h (growth inhibition) 3.1 Robinson et al. (2005) 
Scenedesmus obliquus Green algae EC50-72h (growth inhibition) 45.1 Qin et al. (2011) 
Lemna minor Macrophyte EC50-7d (growth inhibition) 0.114 Robinson et al. (2005) 
Lemna minor Macrophyte EC50-7d (growth inhibition) 0.107 Ebert et al. (2011) 
Daphnia magna Crustacean EC50-48h (immobilization) 58.3 a Kim et al. (2010) 
Daphnia magna Crustacean EC50-48h (immobilization) 56.7 Park and Choi (2008) 
Litopenaeus vannamei (larvae) Crustacean EC50-48h (mortality and 
morbidity) 
29.4 Williams et al. (1992) 
Macrobrachium lanchesteri Crustacean EC50-48h (mortality) 202 This study 
Limnodrilus hoffmeisteri Worm EC50-48h (immobilization) 360 This study 
Melanoides tuberculata Mollusc EC50-48h (immobilization) 520 This study 
Micronectinae sp. Insect EC50-48h (mortality) 408 This study 
Physella acuta Mollusc EC50-48h (immobilization) 281 This study 
a Geometric mean of the values reported in this study. 
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Figure  S1. Antibiotic dose preparation and administration in FARM 2. Synopsis of the sampling points and sampling 
days in relation to the oxytetraycline (OTC) and enrofloxacin (ENR) treatments applied in FARM 2.
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Figure S2. Measured water and sediment oxytetracycline (OTC) and enrofloxacin (ENR) concentrations in the different 
sampling locations of the Tha Chin and Mun rivers (mean ± SD). The number between brackets indicates the number of 
analysed samples in each sampling location. 
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Ecological risk assessment of the antibiotic 
enrofloxacin applied to Pangasius catfish farms in 
the Mekong delta, Vietnam 
 
Margot Andrieu, Andreu Rico, Tran Minh Phu, Do Thi Thanh Huong, Nguyen Thanh 
Phuong, Paul J. van den Brink 
 
 
Abstract 
In this study we assessed the ecological risks posed by the use of the antibiotic enrofloxacin (ENR), 
and its main metabolite ciprofloxacin (CIP), in a Pangasius catfish farm in the Mekong Delta, 
Vietnam. Water and sediment samples were collected in a stream receiving effluents from a 
Pangasius catfish farm that had applied ENR. The toxicity of ENR and CIP was assessed on three 
tropical aquatic species: the green-algae Chlorella sp. (72h - growth inhibition test), the micro-
invertebrate Moina macrocopa (48h - immobilization test), and the Nile tilapia (Oreochromis 
niloticus). The toxic effects on O. niloticus were evaluated by measuring the cholinesterase (ChE) 
and catalase (CAT) activities in the fish brain and muscles, respectively, and by considering feed 
exposure and water exposure separately. Ecological risks were assessed by comparing maximum 
exposure concentrations with predicted no effect concentrations for cyanobacteria, green algae, 
invertebrates and fish derived with available toxicity data. The results of this study showed that 
maximum antibiotic concentrations in Pangasius catfish farm effluents were 0.68 μg/L for ENR 
and 0.25 μg/L for CIP (dissolved water concentrations). Antibiotics accumulated in sediments 
down-stream the effluent discharge point at concentrations up to 2590 µg/kg d.w. and 592 µg/kg 
d.w. for ENR and CIP, respectively. The calculated EC50 values for ENR and CIP were 111,000 and 
23,000 µg/L for Chlorella sp., and 69,000 and 71,000 µg/L for M. macrocopa, respectively. 
Significant effects on the ChE and CAT enzymatic activities of O. niloticus were observed at 5 g/kg 
feed and 400-50,000 µg/L, for both antibiotics. The results of the ecological risk assessment 
performed in this study indicated only minor risks for cyanobacteria communities, suggesting that 
residual concentrations of ENR and CIP after medication are not likely to result in severe toxic 
effects on exposed aquatic ecosystems. However, more studies should be performed by 
considering other antibiotic treatments used in Pangasius catfish production and the potential 
ecotoxicological effects of relevant antibiotic mixtures on sediment communities. 
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1. Introduction 
 
Vietnam is the third largest aquaculture producing country in the world (FAO, 2012a). The 
Vietnamese aquaculture production sector has sharply increased mainly due to the development 
and expansion of Pangasius catfish (Pangasius hypophthalmus) production in the Mekong River 
Delta (Phan et al., 2009), which has increased ten-fold in the last decade, reaching an annual 
production of 1.14 million tonnes in 2012 (FAO, 2012b). The success of this aquaculture species is 
explained by its ability to be reproduced in captivity, its fast growth, its capability to tolerate low 
water oxygen concentrations, the development of improved culture and feeding techniques, and 
the expansion of the export markets (Phuong and Oanh, 2010). Pangasius catfish are produced in 
earthen ponds with relatively high water depth (3.5 to 4.5 m), which are stocked with 
exceptionally high fish densities (about 50 fish/m2) and rely on heavy water exchange regimes 
with the surrounding aquatic ecosystems - once or twice a day, from 30 to 100% replenishment 
(Phan et al., 2009). The intensification of Pangasius production practices has been accompanied 
by the outbreak of several bacterial and parasitic infestations, which has led to the introduction of 
a wide array of veterinary medicines for their prevention and treatment (Phan et al., 2009; Rico et 
al., 2013a). For example, the results of a recent study on the use of veterinary medicines in the 
Pangasius catfish grow-out farms of the Mekong Delta identified 17 different antibiotic 
ingredients (Rico et al., 2013a). Eventually, residual concentrations of veterinary medicines used 
in Pangasius production can be released into the environment by untreated effluent and sludge 
discharges, and have raised concerns about their potential toxic effects on aquatic ecosystems 
surrounding the aquaculture farms (Rico et al., 2012a; Thuy et al., 2011). Several studies have 
warned about the spread and the high levels of antibiotic pollution in the aquatic ecosystems of 
the Mekong Delta due to the input of aquaculture, livestock and urban effluents (Managaki et al., 
2007; Shimizu et al., 2013). However, the contribution of the Pangasius catfish farms to this 
pollution problem and their potential ecological consequences have not been investigated so far. 
A recent modelling study identified the Pangasius farming areas of the Mekong Delta as potential 
hot-spots for environmental pollution due to their widespread use of veterinary medicines and 
their intensive discharge of untreated effluents, and stressed the need to monitor and further 
assess the ecological effects of selected aquaculture antibiotics on streams impacted by Pangasius 
catfish effluents (Rico and Van den Brink, 2014).  
 
The aim of this study was to get a better understanding on the environmental fate and ecological 
risks posed by the use of antibiotics in Pangasius catfish production. For this, we evaluated the 
discharge of the fluoroquinolone antibiotic enrofloxacin (ENR) and its main metabolite 
ciprofloxacin (CIP) on freshwater ecosystems surrounding Pangasius catfish farms and assessed 
their potential toxicological effects on tropical freshwater ecosystems. ENR was chosen as model 
compound because of its widespread use in Pangasius production as well as in other important 
aquaculture species produced in Asia (Rico et al., 2013a). It is mainly applied to treat bacillary 
necrosis and the red spot disease affecting Pangasius, typically caused by the bacteria 
Edwardsiella ictaluri and Aeromonas spp., respectively (Crumlish et al., 2002; Dung et al., 2008). In 
this study, the concentrations of ENR and CIP were monitored in environmental samples collected 
in a tropical stream receiving effluents from a Pangasius farm during and after ENR treatment. 
Moreover, the toxicological effects of these antibiotics were assessed on tropical aquatic 
organisms representing three different trophic levels: the algae Chlorella sp., the invertebrate 
Moina macrocopa, and the fish Oreochromis niloticus. Finally, the ecological risks posed by the 
use of ENR in Pangasius catfish farms were assessed by comparing the concentrations measured 
in the field with the predicted no effect concentrations derived with toxicity data for aquatic 
organisms.  
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2. Material and methods 
 
2.1. Antibiotic exposure assessment 
 
2.1.1. Sample collection 
 
This study was conducted in February of 2012 in a Pangasius catfish pond of 0.26 ha, with an 
average water depth of 3.3 m. At the moment of the antibiotic treatment, the pond contained 
approximately 10 tons of fish, with an individual size distribution of 103±9.1 g (mean±SD). ENR 
was administered daily mixed with feed at a dose of approximately 10 mg/kg of fish body weight 
for a period of 5 days, according to the dosages typically reported by Pangasius farmers (Rico et 
al., 2013a). The medicated diet was daily prepared by diluting the antibiotic in water. This mixture 
was then sprayed over the commercial pelleted feed (28% protein content) and further mixed 
manually. In the studied pond, about 22% of the pond’s water was daily replaced by tidal flushing. 
The draining water was discharged by two pipes into a natural stream of approximately 3.7 m 
width, 0.7 m depth, and with an average water flow of 0.15 m/s. Water and sediment samples 
were collected in the two water discharge points of the pond (DP1 and 2) after the first 
application (day 0), after the third application (day 3) and on day 1, 3, 7, 14 and 21 after the last 
antibiotic application. In addition, extra water and sediment samples were collected one day after 
the last application in 5 sampling points (separated by 25 m) located in a longitudinal transect of 
the stream receiving the farm effluents (S1 to 5) (Fig. 1). Water samples were taken at 10 cm 
depth in previously rinsed plastic bottles. Depth integrated (5 cm) sediment samples were taken 
with a core sampler and immediately introduced into zip lock plastic bags. All samples were kept 
in a cooler during transportation to the laboratory and stored in the refrigerators until further 
analysis (water samples: 4°C; sediment samples: -20°C).  
 
 
Figure 1. Scheme of the Pangasius catfish pond and the water stream receiving the pond effluent, with the selected 
water and sediment sampling points (crosses). The effluent discharge points are indicated as DP1 and 2, and the 
sampling points located in the water stream as S1 to 5. 
2.1.2. Determination of antibiotic concentrations 
The day after the sample collection, a water volume of approximately 400 mL was filtered (0.45 
µm Whatman GF/C) and passed through Oasis HLB solid phase extraction (SPE) cartridges (3 cc, 
Waters, USA), preconditioned with 5 mL of MeOH and 5 mL of distilled water. Elution was 
performed by passing 5 mL of 0.01 M NaOH-acetonitrile (75:25, v/v) solution through the SPE 
cartridges. The extracts were transferred into 2 mL vials and stored at -20°C until further analysis. 
The dissolved antibiotic concentrations (Cdiss) in the water samples were determined by liquid 
chromatography coupled to tandem mass spectrometry (LC-MS/MS) according to the method 
described in Rico et al. (Submitted). The  analytical method recoveries were 112±13% and 
91±9.6% for ENR and CIP, respectively (mean±SD; n=4), and the limit of detection (LOD) and 
DP1 
DP2 
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quantification (LOQ) were 0.01 and 0.02 µg/L for ENR, and 0.01 and 0.04 µg/L for CIP, 
respectively.  
 
The total antibiotic concentration in the water samples (Ctotal) was calculated according to 
Equation 1 (Adriaanse, 1996): 
 
                                                                                                   Eq. 1               
          
with, 
Ctotal = calculated total antibiotic concentration in water (µg/L) 
Cdiss = measured dissolved concentration (µg/L) 
ss = mass concentration of suspended solids in the water sample (kg/L) 
mom,ss = mass fraction of organic matter in suspended solids (-) 
Koc = sorption coefficient on organic carbon (L/kg)  
 
The mass concentration of suspended solids (ss) and the percentage of organic matter in 
suspended solids (mom,ss) were determined according to the methods described in APHA (1996), 
and were 149±105 mg/L and 30±7.8 %, respectively (mean±SD). The antibiotic elution and 
analysis from the sediment samples was performed according to the method described by Rico et 
al. (Submitted). The recoveries of the analytical method at a sediment concentration of 50 µg/kg 
d.w. were 99±6% and 84±15% for ENR and CIP, respectively (mean±SD; n=3), and the LOD and 
LOQ were 0.3 and 1.1 µg/kg d.w. for ENR, and 0.7 and 2.3 µg/kg d.w. for CIP. In order to assess 
the antibiotic exposure for benthic aquatic organisms, the pore water concentration (Cpore water) 
equivalent to the measured sediment concentrations (Csediment dw) were determined by using 
Equation 2.  
 
            
           
         
                                                                      Eq. 2                      
 
with, 
Cpore water = calculated pore water concentration (µg/L) 
Csediment dw = measured sediment concentration (µg/kg d.w.) 
Koc = organic carbon normalized sorption coefficient (L/kg)  
foc = fraction of organic carbon in sediment  
 
The fraction of organic carbon in the sediment was determined according to APHA (1996) and was 
2.7±0.4% (mean±SD). The Koc values for ENR and CIP used in Equation 1 and 2 were based on the 
study by Gagliano and McNamara, (1996) (289,568 L/kg for ENR and 48,341 L/kg for CIP), and 
were selected from experimental values calculated for soils with similar texture characteristics to 
the sediments we sampled (sand: 30±6.7%; silt: 49±14%; clay: 22±11%; n=6; mean±SD). 
 
2.2. Toxicity tests 
 
2.2.1. Test compounds 
 
Formulated products of ENR (i.e., 20% active ingredient; liquid) and CIP (i.e., 50% active 
ingredient; powder) were purchased from a chemical outlet specialized in veterinary medicinal 
products for aquaculture production in Can Tho city (Vietnam).  
 
2.2.2. Toxicity tests with Chlorella sp.  
 
Toxicity tests with ENR and CIP on Chlorella sp. were conducted according to the OECD 201 
standard procedure (OECD, 2006). The experiment was performed in triplicate (n=3) with cultures 
of exponentially growing Chlorella sp. (0.6 x 106 cells/mL) exposed for 72h in 250 mL Erlenmeyer 
flasks to a series of six antibiotic concentrations (0; 21,000; 42,000; 75,000; 150,000; 300,000; 
600,000 μg/L for ENR, and 0; 3,150; 6,300; 12,500; 25,000; 50,000; 100,000 μg/L for CIP). The 
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culture media (100 mL) consisted of sterilized tap water, 200 µL of concentrated growth medium, 
prepared according to Walne (1970), and 3 drops of vitamins. Algae were grown in a temperature 
controlled room (temperature: 26±1°C) with constant illumination intensity (provided by neon 
light). The flasks were shaken manually 3 times per day. The temperature and pH of the culture 
media were monitored 1h, 36h, and 72h after the start of the experiment using a portable pH 
meter (SevenGo, Mettler Toledo). One mL of the culture media (one per treatment level) was 
taken for antibiotic analysis right after spiking and at the end of the experimental period. Algae 
were sampled 1h,  36h and 72h after the start of the experiment from each test unit and were 
fixated with formaldehyde (4%; v/v). The number of algae cells per mL was counted using a 
counting chamber (Bürker CE-Marienfeld Germany; Tiefe depth: 0.1 mm, largest squares size: 1 
mm2, smallest squares size: 2.5 µm2) and a powerful microscope (OLYMPUS CX 21; magnification: 
x400). Finally, the average specific growth rate and the percentage of growth inhibition were 
calculated as a function of time for each treatment level (including the controls) according to the 
methods described in the OECD guideline 201 (OECD, 2006). 
 
2.2.3. Toxicity tests with Moina macrocopa  
 
M. macrocopa were obtained from an outdoor shallow pond in Can Tho University (Vietnam) and 
kept in a tank with water originating from the pond in which they were collected. Toxicity tests 
with ENR and CIP on M. macrocopa were conducted according to the OECD 202 standard 
procedure (OECD, 2004). This protocol was adapted to the higher temperatures and light regime 
occurring in tropical ecosystems. M. macrocopa neonates (< 24h old) were exposed to a series of 
six antibiotic concentrations (0; 40,000; 80,000; 160,000; 320,000; 640,000; 1280,000 μg/L for 
ENR, and 0; 20,000; 40,000; 80,000; 160,000; 320,000; 640,000 μg/L for CIP) for 48h with five 
replicates per treatment level. The tests were performed in 5 mL glass cuvettes containing 3 mL of 
exposure media, prepared by diluting the stock solutions of antibiotics on filtrated pond water, 
and with three M. macrocopa individuals per test unit. All cuvettes were placed on a platter in the 
laboratory (temperature: 31±1°C; 12-12h light/dark regime). Four extra cuvettes per treatment 
level were installed in order to collect samples for antibiotic analysis and water quality 
measurements. One mL water samples were taken for antibiotic analysis (one per treatment 
level) after spiking and at 24h and 48h after the start of the experiment. On the same sampling 
times, the temperature and pH of the exposure media were monitored using a portable pH meter 
(SevenGo, Mettler Toledo) and the number of immobilized M. macrocopa individuals in each 
cuvette was recorded. The M. macrocopa individuals were considered to be immobile when no 
movement was observed in the cuvette after 15 seconds of gentle agitation.  
 
2.2.4. Toxicity tests with Oreochromis niloticus 
 
Juvenile Oreochromis niloticus of 11±2 g (Mean±SD) were obtained from a hatchery and reared in 
a big composite tank (2 m3) with aeration for one month in order to acclimatize to the food 
(commercial pelleted feed: 30% protein, 5% fat) and the water used in the experiments. The 
effects of ENR and CIP on the muscle catalase (CAT) and brain cholinesterase (ChE) activities of O. 
niloticus were studied by performing separate toxicity tests with two different modes of antibiotic 
administration: antibiotic added mixed with feed (oral administration) and added directly to 
water (bath treatment). Three days before the start of the experiments, 24 fishes were 
introduced in 60 L composite tanks with oxygenated tap water. All experiments lasted for 14 days, 
with 5 days of antibiotic treatment period and 9 days of post-exposure period (i.e., recovery 
period). During the exposure and recovery periods, 20 L of test media were daily replaced in order 
to prevent excessive water quality deterioration. Food was administered two times per day (at 8 
am and 5 pm) at a feeding rate of 3% and 5% of fish body weight during the treatment and 
recovery period, respectively. On day 1, 3, 5, 7, 10 and 14 after the start of the experiment, 
temperature and pH were recorded in each tank using a waterproof digital pH meter (HI 98127, 
Hanna Instruments, USA) and water samples (1 mL) were taken for antibiotic analysis (one sample 
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per treatment level). On day 3, 5 and 14, after the start of the experiment, three fish per tank 
were killed by a cold shock in ice and directly dissected to extract their brains and part of their 
muscles. The samples were then stored at -80°C until further analysis. 
 
The oral administration experiments were performed in triplicate (n = 3) for a series of antibiotic 
dosages of 0, 1, 2.5, 5, 10 g ENR/kg of feed (i.e., representing 0, 30, 75,  150,  300 mg ENR/kg of 
fish body weight), and 0, 0.50, 1.12, 2.5, 5.0 g CIP/kg of feed (i.e., representing 0, 15, 33.6, 75, 150 
mg CIP/kg of fish body weight). Prior to the start of these experiments, small bags of antibiotic-
treated and antibiotic-free feed were prepared. For this, stock solutions of ENR and CIP were 
sprayed over the food pellets and further mixed with a spoon in order to reach the desired 
antibiotic concentrations. Subsequently, all the feed was placed into a freezer (-20 °C) to avoid 
antibiotic degradation until the moment of administration. The bath treatment experiments were 
also performed in triplicate (n=3). During the exposure period, stock solutions of ENR and CIP 
were daily prepared and added to the fish culture media in order to generate the following water 
concentrations: 0; 100; 800; 10,000; 100,000 µg ENR/L, and 0; 50; 400; 5,000; 50,000 µg CIP/L.  
 
The O. niloticus brain and muscle samples collected from each experimental unit were mixed and 
homogenized with phosphate buffer (KH2PO4/K2HPO4 50 mM; pH = 7.5) using a sample 
homogenizer (T18 basic Ultra Turrax, USA). Subsequently, they were centrifuged at 10,000 rpm 
for 10 min at 4°C (Hettich Mikro 22R, Germany). The supernatants were collected in Eppendorf 
tubes and stored at -80 °C. The total protein content was measured in each sample according to 
the method described by Lowry et al. (1951) in order to normalize the CAT and ChE levels. 
 
CAT activity in fish muscles was assessed according to the method described by Baudhuin et al. 
(1964). Briefly, 25 μL of homogenate muscle sample was mixed in an Eppendorf cuvette with 25 
μL of 2% Triton X-100 and 1,250 μL of substrate solution composed by bovine serum albumin, 
hydrogen peroxide and imidazol. After incubation at 0°C for 6 min, 750 μL of titanous sulfate were 
added. Between the next 5 to 10 min, absorbance was read at 420 nm using a Varian – Cary 50 
UV/ Visible spectrophotometer. One unit of CAT activity was defined as the amount of enzyme 
causing the destruction of 90% of the substrate in 1 min in a volume of 50 mL. Catalase activity 
was expressed in Baudhuin Units (BU)/min/mg protein. 
 
ChE activity in fish brains was determined according to Ellman et al. (1961). Briefly, 50 μL of 
homogenate brain sample was mixed with 50 μL of acetylthiocholine (ATC) and 900 μL of beta-
dystrobreving (DTNB) in an Eppendorf cuvette. After 10 min of incubation at ambient 
temperature, absorbance was measured at 412 nm (Varian – Cary 50 UV / Visible 
spectrophotometer). ChE was expressed as mols of hydrolysed ATC/min/mg protein. 
 
2.2.5. Chemical analysis 
 
Antibiotic concentrations in the exposure media of the toxicity experiments were measured with 
a Shimadzu SCL-10A high performance liquid chromatography (HPLC) system equipped with a 
Shimadzu RF-10AxL fluorescence detector (FLD). The FLD excitation wavelength was 280 nm and 
the emission wavelength 420 nm. The chromatographic separation was performed with isocratic 
elution on a Gemini C18 110A (150 mm × 3.0 mm, 5 micron) analytical column (Phenomenex, 
Torrance, CA, USA). A C18 guard cartridge (4 mm × 2 mm, Phenomenex) was used prior to the 
analytical one. The mobile phase for LC–MS/MS analyses consisted of acetonitrile and phosphate 
buffer (50 mM, pH 3.5). Prior to the analysis, all samples were diluted taking the theoretical 
antibiotic concentration to approximately 50 μg/L. Subsequently, samples were placed into a 13 
mm syringe and pushed through a 0.2 µm filter and injected into the HPLC (injection volume: 20 
µL). The separation of the compounds was performed at ambient temperature and with a 
constant flow rate of 0.3 mL/min. The recovery of the analytical method was 98 ± 3.5 % for ENR, 
and 100 ± 2.6 % for CIP (mean±SD; n=3). The efficiency tests were performed using ENR (ENR > 
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98%) and CIP (CIP > 98%), purchased from Sigma Aldrich (St Louis, MO, USA). LOQs for ENR and 
CIP were 1 µg/L. The quantification was based on an external standard curve using experimental 
blank water as the matrix, with ENR and CIP concentrations ranging from 1 to 100 µg/L. 
 
2.2.6. Data analysis 
 
The concentrations resulting in 10% and 50% (EC10 and EC50) inhibition of algae growth (for 
Chlorella sp.) and immobilization (for M. macrocopa) at the end of the experimental period and 
their 95% confidence intervals (CIs) were calculated by probit analysis using linear maximum 
likelihood regression with the ToxRat Professional Version 2.01 software (Toxrat, 2003). All 
calculations were performed using the measured antibiotic concentrations. 
 
For the experiments conducted with O. niloticus, the differences between the enzymatic activities 
measured in the controls and those measured for the different antibiotic treatment levels were 
assessed for each sampling date using a one-way analysis of variance (ANOVA) test followed by a 
Dunnett’s post-hoc test. In addition, the Kolmogorov-Smirnov test and the Levene’s test were 
performed in order to verify the normality and the variance homogeneity assumptions of the 
tested data. For the datasets for which these two criteria were not met, the ANOVA and 
Dunnett’s test were substituted by the Kruskal-Wallis test followed by a Mann-Whitney U test. 
These statistical tests were performed using the SPSS statistical package (ver. 19.0, SPSS 
Company, Chicago, IL, USA). Differences between controls and antibiotic treatments were 
considered to be statistically significant when p < 0.05. 
 
2.3.  Ecological risk assessment 
 
The toxicological risks for cyanobacteria, green algae, invertebrates and fish in the aquatic 
ecosystems surrounding Pangasius catfish farms were assessed by following a risk quotient (RQ) 
approach. RQs were calculated by dividing the highest ENR and CIP measured exposure 
concentrations by the predicted no effect concentrations (PNECs) for each taxonomic group. The 
aquatic exposure RQs for algae and cyanobacteria were calculated based on the Cdiss, as they will 
be more exposed to the freely dissolved antibiotics in the water. For invertebrates and fish, the 
aquatic exposure RQs were conservatively calculated based on the Ctotal, given their capacity to 
filter and/or feed on suspended organic particles. The sediment exposure RQs were calculated 
based on the Cpore water. The PNECs were derived by using the toxicity values calculated in this study 
as well as other toxicity values collected from the literature. PNECs were calculated by dividing 
the lowest acute EC50 value available for each taxonomic group by an assessment factor (AF) of 
100 for algae, and 1000 for invertebrates and fish according to the international risk assessment 
guidance document for veterinary medicines (VICH, 2004).  
 
3. Results 
 
3.1. Aquatic exposure assessment 
 
Measured antibiotic concentrations in the water samples (dissolved fraction) collected in the 
pond effluents (DP 1 and 2) ranged between 0.05 and 0.68 µg/L for ENR, and between <LOD and 
0.25 µg/L for CIP (Table 1). According to our calculations, the total antibiotic concentrations in the 
pond effluent ranged between 0.24 and 3.15 µg/L for ENR, and between <LOD and 0.39 µg/L for 
CIP. Measured sediment concentrations for ENR and CIP in the effluent discharge points were 
found to be insignificant (<LOD). 
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Table 1. Enrofloxacin (ENR) and ciprofloxacin (CIP) concentrations measured in the water samples collected on both 
discharge points (DP) of the studied Pangasius catfish pond. The total antibiotic concentrations (Ctotal) were calculated 
using Equation 1. 
 ENR CIP 
 Cdiss (µg/L) Ctotal (µg/L) Cdiss (µg/L) Ctotal (µg/L) 
 Mean ± SD Min Max Mean ± SD Min Max Mean  ± SD Min Max Mean ± SD Min Max 
DP 1 0.23 ± 0.12 0.08 0.37 1.22 ± 1.10 0.33 3.15 0.08 ± 0.10 <LOD 0.25 0.12 ± 0.15 <LOD 0.39 
DP 2 0.27 ± 0.23 0.05 0.68 1.00 ± 1.03 0.24 3.00 0.06 ± 0.08 <LOD 0.20 0.08 ± 0.12 <LOD 0.31 
 
Measured ENR and CIP concentrations in the water samples collected down-stream the effluent 
discharge point (S1 to 5) fell below the detection limit. Sediment concentrations showed a gradual 
increase in the samples monitored down-stream the effluent discharge points, with the maximum 
concentrations being 2590 µg/kg d.w. for ENR, and 592 µg/kg d.w. for CIP, in S5 (Fig. 2). The 
corresponding maximum pore water concentrations were 0.33 µg/L for ENR and 0.45 µg/L for CIP.  
 
Figure 2. Measured enrofloxacin (ENR) and ciprofloxacin (CIP) concentrations in the sediment samples collected down-
stream the effluent discharge point (S1 to 5) one day after the last antibiotic administration. 
 
3.2. Toxicity tests 
 
3.2.1. Toxicity tests with Chlorella sp.  
 
In both experiments conducted with Chlorella sp., the cultured algae population grew 
exponentially in the control treatment, and the growth was totally inhibited by the highest 
antibiotic concentration (Fig. 3). The measured antibiotics concentrations in the test media 
showed an average dissipation of 22% for ENR and 29% for CIP at the end of the experimental 
period. The results of the toxicity experiments showed that Chlorella sp. is more sensitive to CIP 
(EC50-72h = 23,400 µg/L, which corresponds to 70.6 x 10-6 mol/L) than to ENR (EC50-72h = 
111,000 µg/L, which corresponds to 309 x 10-6 mol/L) (Table 2).  
 
Table 2. Results of the toxicity tests with enrofloxacin (ENR) and ciprofloxacin (CIP) on Chlorella sp. (i.e., growth 
inhibition after 72h) and on Moina macrocopa (i.e., immobilization after 48h), and water quality parameters measured 
during the toxicity experiments. 
Species Antibiotic 
Exposure 
duration 
EC10 (µg/L) 
(95% CI) 
EC50 (µg/L) 
(95% CI) 
Temperature (°C) 
(Mean±SD) 
pH 
(Mean±SD) 
Chlorella sp. 
ENR 72h 
3,000 
(4-14,000) 
111,000 
(40,000-281,000) 
26 ± 1.8 9.1 ± 1.1 
CIP 72h 
5,200 
(600-10,000) 
23,000 
(13,000-40,000) 
25 ± 1.5 8.7 ± 1.2 
Moina 
macrocopa 
ENR 48h 
41,000 
(30,400-55,000) 
69,000 
(57,000-84,000) 
32 ± 1.0 8.5 ± 0.2 
CIP 48h 
50,000 
(36,000-69,000) 
71,000 
(61,000-83,000) 
33 ± 2.4 8.4 ± 0.3 
 
0
500
1000
1500
2000
2500
3000
S1 S2 S3 S4 S5
µ
g/
kg
 d
.w
 
ENR
CIP
Chapter 7 
117 
 
  
Figure 3. Average Chlorella sp. cell numbers measured in the toxicity experiments performed with (A) enrofloxacin and 
(B) ciprofloxacin.  
3.2.2. Toxicity tests with Moina macrocopa 
 
For both antibiotics, a dose-response effect on the immobility of M. macrocopa was observed. 
ENR and CIP had similar toxicity to M. macrocopa (ENR: EC50-48h= 69,100 μg/L, which 
corresponds to 192x10-6 mol/L, and CIP: EC50-48h= 71,200 μg/L, which corresponds to 214x10-6 
mol/L) (Table 2). In these tests, CIP showed a fast dissipation in the M. macrocopa culture media 
(average 48h dissipation: 42%), whereas ENR was found to be rather stable (average 48h 
dissipation: 2%).  
 
3.2.3. Toxicity tests with Oreochromis niloticus 
 
CAT activity measured in the toxicity experiments performed with ENR and CIP administered 
orally to O. niloticus are displayed in Fig. 4A and 4B, respectively. For all CIP tested concentrations, 
CAT activity was not significantly different from the controls during the entire experimental 
period (p > 0.05). A clear trend was observed towards a decrease in CAT activity on the last day of 
the exposure period (day 5) in the tests performed with ENR, showing a significant effect for the 
lowest and the highest tested concentrations (Fig. 4A). ChE activities in the fish brain samples 
measured in the in-feed antibiotic administration toxicity experiment with ENR and CIP are 
displayed in Fig. 4C and 4D, respectively. A significant increase of the ChE activity was observed on 
day 3 and 5 for the fish that were exposed to 5 and 10 g ENR/kg of feed and 5 g CIP/kg of feed, 
however, the ChE activity returned to basal enzymatic levels on day 14. In general, the 
temperature and pH values measured in this experiment remained rather constant during the 
whole experimental period (ENR: T=28 ±1.7°C, pH=8.1±0.3, and CIP: T=28 ±1.2°C, pH=7.9±0.1). 
 
The antibiotic concentrations in the experimental media of the toxicity experiments performed 
with ENR and CIP administrated in bath treatment increased gradually during the exposure 
period, up to 132 ± 20% (mean ± SD) of the nominal concentration for ENR and up to 182 ± 86% 
(mean ± SD) of the nominal concentration for CIP on day 5. Then, the concentration of antibiotics 
in the experimental media decreased slowly to below LOD on day 14. CAT and ChE activities 
measured in the O. niloticus samples taken in the toxicity experiments performed with ENR and 
CIP administered in bath treatment are shown in Fig. 5. Fishes exposed to 10,000 μg/L of ENR 
showed an impaired swimming behaviour with no or very slow movements during the whole 
exposure period. These effects on fish mobility were not noticeable 24h after the exposure 
period. CAT activities measured in fish exposed to ENR were not significantly different from the 
controls during the entire experimental period (Fig. 5A). However, CAT activity in fish muscle 
decreased significantly in the individuals exposed to 50,000 µg CIP/L on day 14 (Fig. 5B). 
Conversely, ChE activity in brain samples appeared to increase with increasing ENR and CIP water 
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concentrations, showing a clearer dose-response effect in the experiment conducted with CIP 
(Fig. 5C and 5D). In the experiment conducted with ENR, a significant increase in the brain ChE 
activity was observed for the concentration of 10,000 and 800 μg of ENR/L on day 3 and 14, 
respectively (Fig. 5C), and on day 5 for the three highest tested concentrations in the experiment 
conducted with CIP (Fig. 5D). In general, the measured temperature and pH values remained 
rather constant during the whole experimental period (ENR: T=27±0.5°C, pH=8.1±0.4 and CIP: 
T=28±1.0°C, pH=7.8±0.2). 
 
  
  
Figure 4. Results of the catalase (CAT) and cholinesterase (ChE) activities (Mean ± SD) measured in the toxicity 
experiments performed with enrofloxacin (A,C) and ciprofloxacin (B,D) administered via medicated feeds to O. niloticus.   
3.3. Ecological risk assessment 
 
The results of the risk assessment showed potential risks for cyanobacteria exposed to antibiotic 
concentrations in the water layer, with calculated RQs of 1.4 and 5.0 for ENR and CIP, respectively 
(Table 3). However, the results of the risk assessment performed for green algae, invertebrates 
and fish, indicated insignificant risks (RQs<1; Table 3). 
 
4. Discussion 
 
4.1. Antibiotic fate and exposure  
 
To our knowledge, this is the first study that monitored antibiotic concentrations in freshwater 
aquaculture pond effluents during and after antibiotic medication. Based on the measured 
antibiotic concentrations in the pond effluents and the water exchange rates in the monitored 
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pond, we estimated that about 18% of the applied ENR mass is discharged into the surrounding 
aquatic ecosystems (4.4% during the administration period and 13.7% during the 20 successive 
days), and 5.3% of the applied ENR applied mass is discharged in form of CIP. The estimated 
amount of ENR discharged into the environment corresponds fairly well with the modelling 
calculations performed by Rose and Pedersen, (2005), who predicted that about 10-15% of the 
administered mass of the antibiotic oxytetracycline (OTC) is released from fish hatcheries to the 
receiving water during treatment and in the first 5 days thereafter. Rico and Van den Brink (2014) 
estimated that 7.6±3.6% (mean±SD) of the ENR mass applied in Pangasius catfish ponds of the 
Mekong Delta is released unaltered into the environment. However, differences between this 
study and ours could be related to the fact that the fish density in the our monitored pond (1.1 
kg/m3) notably exceeded the density distribution at the start of the culture cycle used in the 
modelling calculations performed by Rico and Van den Brink (2014; 0.2 kg/m3).  
 
 
 
  
Figure 5. Results of the catalase (CAT) and cholinesterase (ChE) activities (Mean ± SD) measured in the toxicity 
experiments performed with enrofloxacin (A,C) and ciprofloxacin (B,D) administered in bath treatments to O. niloticus. 
The results of the highest ENR concentration (100,000 μg/L) are not displayed since all fish died before the third day 
after the start of the experiment. The standard deviation for the highest CIP concentration could not be calculated since 
all fish died in 2 out of the 3 replicates after day 5.  
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Table 3. Calculated risk quotients (RQ) for enrofloxacin (ENR) and ciprofloxacin (CIP) based on the highest measured exposure concentrations in the water (Cdiss for cyanobacteria and algae, Ctotal for 
invertebrates and fish) and sediment samples (Cpore water) and on the predicted no effect concentration (PNEC) determined using the lowest available short-term EC50 values. 
 
 Exposure Concentrations Effect Assessment Risk Quotients 
 ENR CIP 
ENR CIP ENR CIP 
 Water Sediment Water Sediment 
Taxonomic 
group 
Ctotal (µg/L) 
Cdiss 
(µg/L) 
Cpore water 
(µg/L) 
Ctotal 
(µg/L) 
Cdiss 
(µg/L) 
Cpore water 
(µg/L) 
EC50 
(µg/L) 
AF 
PNEC 
(µg/L) 
EC50  
(µg/L) 
AF 
PNEC 
(µg/L) 
Water Sediment Water Sediment 
Cyanobacteria 
3.15 0.68 0.33 0.39 0.25 0.45 
49.0 a 100 0.49 5.00 b 100 0.05 1.39 0.67 5.00 9.000 
Algae 3,100 a 100 31.0 2,970 b 100 29.7 0.02 0.01 0.02 0.011 
Invertebrate 53,300 c 1000 53.3 1,200 c 1000 1.20 0.06 0.01 0.32 0.375 
Fish 79,500 d 1000 79.5 >60,000 e 1000 >60 0.04 <0.01 <0.01 <0.007 
a
 Value for Microcystis aeruginosa (Robinson et al., 2005).   
b
 Value for Pseudokirchneriella subcapita (Halling-Sørensen et al., 2000). 
c
 Value for Daphnia magna (Kim et al., 2010). 
d
 LC50 Value for Lepomis macrochirus (Gagliano and Mc Namara, 1996). 
e
 Value for Gambusia holbrooki (Martins et al., 2012). 
 
 
1
2
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Monitored ENR concentrations in the Pangasius catfish farm effluents were found to be in the 
range of the antibiotic concentrations measured in livestock farm effluents, sewage treatment 
plant effluents and drainage systems of urban areas in the Mekong Delta (Managaki et al., 2007; 
Shimizu et al., 2013) and elsewhere (Sukul and Spiteller, 2007; Wei et al., 2012). ENR and CIP 
concentrations in the river sediments were found to be in the range of the antibiotic 
concentrations measured by Rico et al. (Submitted) in tropical river sediments of Thailand 
impacted by aquaculture pollution, and are comparable to other monitoring studies performed in 
other Asian rivers impacted by urban or agricultural pollution (e.g. Xue et al., 2013; Zhou et al., 
2011). Our study showed that ENR and residual concentrations of CIP are released for periods up 
to several weeks after treatment, indicating that surrounding ecosystems are exposed to low-
concentration antibiotic pulses for relatively long periods, with worst-case water exposure 
situations occurring next to the effluent discharge point. In addition, our study demonstrated that 
antibiotic residues tend to accumulate in the sediments down-stream the effluent discharge 
point, where the water flow speed is reduced. This suggests that settling of organic matter 
particles are likely routes of transport and deposition of antibiotics into natural sediments, as 
proposed by modelling studies (e.g. Rose and Pedersen, 2005). Further research must be 
dedicated to evaluate the efficiency of waste-water treatment options such as the construction of 
decantation ponds or wetlands for the removal of antibiotic residues from Pangasius effluents, 
and should also evaluate the contribution of the eventual discharges of sludge from Pangasius 
ponds to the environmental contamination with antibiotics.  
 
4.2. Antibiotic toxicity on aquatic organisms 
 
4.2.1.  Antibiotic toxicity for Chlorella sp.  
 
The EC50-72h value for CIP calculated from our study results is very similar to the value calculated 
by Nie et al. (2007) for Chlorella vulgaris (EC50-96h = 20,600 μg/L). Marked sensitivity differences 
between microalgae species to antibiotics have been reported (e.g. Qin et al., 2011; Robinson et 
al., 2005). The toxicity values for Chlorella sp. calculated in this study are one or two orders of 
magnitude higher than those reported for cyanobacteria, and slightly higher than those reported 
for other green algae species (Pseudokirchneriella subcapitata) used in ecotoxicological 
evaluations (Halling-Sørensen et al., 2000; Robinson et al., 2005). Therefore, this study supports 
the use of toxicity data for cyanobacteria to protect  the structure of primary producer 
communities in antibiotic risk assessments. The higher tolerance of Chlorella sp. to antibiotics 
compared to other green algae species might be explained by the fact that their cell walls contain 
glucosamine polymers such as chitin and chitosan (Kapaun and Reisser, 1995; Eckard, 2010), 
which could act as an extra permeability barrier, thus limiting antibiotic uptake (Bernard and 
Latgea, 2001).  
 
4.2.2. Antibiotic toxicity on Moina macrocopa  
 
Due to their high abundance and distribution in tropical aquatic ecosystems as well as their high 
sensitivity to toxicants, Moina sp. have been considered as good candidates for representing 
invertebrate communities and replacing testing with Daphnia magna in ecotoxicological 
assessments performed in tropical and subtropical regions (e.g. Daam et al., 2008; Park and Choi, 
2008). The calculated toxicity values for M. macrocopa in this study are in the order of the 
available toxicity values of ENR (EC50-48h = 56,700 μg/L; Park and Choi, 2008) and CIP (EC50-48h 
= 65,300 μg/L; Martins et al., 2012) for Daphnia magna, suggesting no major sensitivity 
differences between the temperate and tropical cladocerans to the studied antibiotics. The EC50-
48h determined for ENR in the present study is more than two times lower than the one reported 
by Park and Choi (2008) for M. macrocopa (EC50-48h > 200,000 μg/L; T=25±1°C). This could be 
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related to the higher temperature set in our tests (>5°C difference), which could have enhanced 
chemical uptake (see Kim et al., 2010).  
 
4.2.3. Antibiotic toxicity on Oreochromis niloticus 
 
Several studies have demonstrated that CAT and ChE activities are reliable biomarkers of 
antibiotic exposure in aquatic organisms (Table 4). Similarly to the results of the present study, 
Oliveira et al. (2013) measured a significant inhibition of CAT in zebra fishes exposed to OTC and 
amoxicillin via water. Wang et al. (2009) showed that CAT activity increases in the gills when fish 
are treated with ENR medicated feed. Moreover, this enzymatic increase is higher when fish 
density increases (Wang et al., 2009). Our study was the first showing a trend towards an increase 
of ChE activity in brains of fishes exposed to fluoroquinolone antibiotics. This increase might be 
explained by the fact that fluoroquinolones can act as negative allosteric modulators and block or 
change the conformation of the orthosteric or allosteric binding sites of Acetylcholine (ACh) 
receptors, as reported in humans (Gregory, 2007). Therefore, all ACh released in the synaptic cleft 
would only bind to ChE such that its activity would increase. Moreover, fluoroquinolones could 
act as cholinergic agonists or modify the gene coding for choline acetyl-transferase, leading to an 
increase of ACh production (Rawi et al., 2011), which would be further hydrolysed by ChE 
resulting in a significant increase of the enzymatic activity.   
 
In general, bath treatment application resulted in higher toxic effects than the oral administration 
method when considering the same applied dose (antibiotic weight per kg of fish). Milan et al. 
(2006) found that pharmaceuticals caused QT prolongation and cardiac disorders in zebra fishes, 
in a similar way that pharmaceutical overdoses affect humans. Therefore, according to the 
symptoms observed in our fishes exposed to the highest ENR and CIP water concentrations (i.e., 
muscle spasms and impaired movements until death), the (transient) failure of the cardiac system 
seems to be the most plausible cause of death and an important toxicity mechanism for these 
antibiotics in fishes.   
 
In conclusion, the results of our biomarker experiments suggest that measured ChE activity in 
brain samples seems to be an appropriate biomarker for fluoroquinolone antibiotics and should 
be used in combination with CAT and Gluthation S-Transferase (GST) (Oliveira et al., 2013) in 
order to describe sub-lethal effects and physiological impairments in fishes treated with 
antibiotics at high dosages. However, the effective exposure concentrations calculated in this 
study (10,000 μg/L for ENR and 400 μg/L for CIP), and in other studies (Table 4), are one order of 
magnitude higher than the antibiotic concentrations measured in aquatic ecosystems polluted 
with aquaculture effluents. This suggests that the use of biomarkers for monitoring 
ecotoxicological effects of antibiotic pollution on wild fish populations has severe limitations, and 
should be restricted to the evaluation of the stress caused by antibiotics at the therapeutic doses 
used in aquaculture facilities. Furthermore, the symptoms and biomarker responses observed in 
the studied fishes seem to correspond fairly well with the available literature for humans, 
suggesting that the receptors and toxicity mechanisms of antibiotics might be somehow similar 
for different vertebrate species. 
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Table 4. Overview of the available literature assessing the effects of antibiotics on the  Cholinesterase (ChE) and Catalase (CAT) enzymatic activities of aquatic organisms.  
 
Compound 
Species name 
(common name) 
Biomarker/Organs 
Exposure 
method 
Tested concentrations 
Exposure 
duration 
(days) 
Biomarker response Reference 
Enrofloxacin 
Pangasianodon 
hypophthalmus 
(Pangasius catfish) 
CAT/ gills, brain, liver, 
muscles 
Oral exposure 1 g/kg feed 7 
Increase of CAT in the gills during 
the exposure period 
Wang et al. 
(2009) 
Enrofloxacin 
Penaeus monodon 
(Black tiger shrimp) 
CAT/muscles, 
hepatopancreas, gills 
Oral exposure 4 g/kg feed 7 
Increase of CAT in the gills in 
intensive systems 
Tu et al. 
(2008) 
Enrofloxacin 
Penaeus monodon 
(Black tiger shrimp) 
ChE/muscles and gills Oral exposure 4 g/kg feed 7 No significant effects 
Tu et al. 
(2009a) 
Enrofloxacin 
Pangasianodon 
hypophthalmus 
(Pangasius catfish) 
ChE/gills, brain, liver, 
muscles 
Oral exposure 1 g/kg feed 7 No significant effects 
Wang et al. 
(2009) 
Oxytetracycline 
Danio rerio 
(Zebra fish) 
CAT/ gills, brain, liver, 
muscles 
Water 
exposure 
0; 1,000; 10,000; 25,000; 
50,000; 100,000 μg/L 
4 
Decrease of CAT in all tested 
organs, especially in brain 
Oliveira et 
al. (2013) 
Amoxicillin 
Danio rerio  
(Zebra fish) 
CAT/ gills, brain, liver, 
muscles 
Water 
exposure 
0; 1,000; 10,000; 25,000; 
50,000; 100,000 μg/L 
 4  
Decrease of CAT in brain and gills 
for almost all tested 
concentrations 
1
2
3
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4.3. Ecological risk assessment 
 
The results of the risk assessment performed in this study indicate that the environmental release 
of ENR and CIP residues after ENR medication in Pangasius catfish farms is posing minimal risks 
for algae, invertebrate and non-target fish communities. Only cyanobacteria and other bacterial 
taxa might be affected by antibiotic pollution. A microcosm study investigating the effects of 
enrofloxacin on tropical freshwater communities could not identify significant effects of this 
antibiotic on cyanobacteria species (Rico et al., 2014). The authors of this study, however, argued 
that the low dominance of cyanobacteria and the higher pH of the monitored waters could have 
limited the observation of effects. More research should be performed to better understand the 
toxicity of antibiotics on cyanobacteria communities and to assess potential side-effects on 
ecosystem structure, especially under tropical conditions. Due to a lack of available data on the 
toxicity of antibiotics to benthic organisms, the risk assessment for sediment communities was 
performed based on estimated pore water concentrations and toxicity data for pelagic species. 
Since our study indicated that antibiotics tend to accumulate in sediments down-stream effluent 
discharge points, further assessments should be carried out by testing potential toxic effects of 
contaminated sediments on sediment dwelling organisms. In our study, we focused on one single 
antibiotic treatment, however Pangasius farms are often clustered around water sources and 
share water drainage systems. Therefore, more research should be dedicated to monitor the 
ocurrence of several antibiotic residues in aquatic ecosystems surrounding Pangasius farms and 
to assess the ecological effects of antibiotic mixtures from different groups and antimicrobial 
modes of action. This information is of crucial importance for assessing the risks of antibiotics to 
tropical freshwater ecosystems and the sustainability of current antibiotic use practices in 
Vietnamese Pangasius production and in other intensive aquaculture species in Asia.  
 
5. Conclusions 
 
The results of our study indicate that the discharge of untreated effluents from Pangasius catfish 
farms should be considered as an important pathway of antibiotic pollution into the aquatic 
environment. The administration of ENR for treating bacterial diseases in Pangasius catfish farms 
is not likely to result in major risks for non-target aquatic organisms inhabiting water bodies 
receiving farm effluents. However, further investigations must be dedicated to assess potential 
consequences for microbial communities and associated ecological functions (Rico et al., 2014), as 
well as to evaluate the contribution of antibiotic residues to the development of antibiotic 
resistant bacteria in the environment. After the completion of this study, ENR and CIP were 
banned for use in Vietnamese aquaculture (VMARD, 2012) due to the significant number of 
international market rejections related to food safety alerts (Love et al., 2011), and it is therefore 
expected that their sells and use have recently seen a significant decline. However, given the large 
number of antibiotics that are currently used in Pangasius catfish production in the Mekong Delta 
region of Vietnam and the lack of regulations controlling their environmental discharge, further 
monitoring of aquaculture antibiotics in aquatic ecosystems and cost-effective methods for 
reducing their environmental discharge are urgently required. 
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Chapter 8 
 
Effects of the antibiotic enrofloxacin on the ecology 
of tropical eutrophic freshwater microcosms  
 
Andreu Rico, Mauricio R. Dimitrov, René P.A. Van Wijngaarden, Kriengkrai Satapornvanit, 
Hauke Smidt, Paul J. van den Brink 
Abstract 
The main objective of the present study was to assess the ecological impacts of the 
fluoroquinolone antibiotic enrofloxacin on the structure and functioning of tropical freshwater 
ecosystems. Enrofloxacin was applied at a concentration of 1, 10, 100 and 1000 µg/L for 7 
consecutive days in 600-L outdoor microcosms in Thailand. The ecosystem-level effects of 
enrofloxacin were monitored on five structural (macroinvertebrates, zooplankton, phytoplankton, 
periphyton and bacteria) and two functional (organic matter decomposition and nitrogen cycling) 
endpoint groups for four weeks after the last antibiotic application. Enrofloxacin was found to 
dissipate relatively fast from the water column (half-dissipation time: 11.7 h), and about 11% of 
the applied dose was transformed into its main by-product ciprofloxacin after 24 h. Consistent 
treatment-related effects on the invertebrate and primary producer communities and on organic 
matter decomposition could not be demonstrated. Enrofloxacin significantly affected the 
structure of leaf-associated bacterial communities at the highest treatment level, and reduced the 
abundance of ammonia-oxidizing bacteria and ammonia-oxidizing archaea in the sediments, with 
calculated NOECs of 10 and <1 µg/L, respectively. The ammonia concentration in the microcosm 
water significantly increased in the highest treatment level, and nitrate production was 
decreased, indicating a potential impairment of the nitrification function at concentrations above 
100 µg/L. The results of this study suggest that environmentally relevant concentrations of 
enrofloxacin are not likely to result in direct or indirect toxic effects on the invertebrate and 
primary producer communities, nor on important microbially mediated functions such as 
nitrification.  
 
 
 
 
 
 
 
 
 
 
This chapter has been published in Aquatic Toxicology 2014, 147: 92-104.  
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1. Introduction 
Antibiotics used in human and veterinary medicine can enter aquatic ecosystems directly, through 
the discharge of waste water treatment plant effluents or aquaculture residues, or indirectly, by 
leaching and runoff of agricultural soils amended with manure from livestock facilities (Ternes et 
al., 2004; Sarmah et al., 2006; Rico et al., Submitted). Over the last few years, a considerable 
amount of work has been done on assessing the occurrence and environmental fate of antibiotics 
in the aquatic environment, indicating that measured water concentrations are, in most cases, 
relatively low (i.e. from 0.001 µg/L to about 10 µg/L) (Kümerer, 2009). Acute and chronic 
laboratory studies suggest that antibiotics are not expected to result in direct toxic effects on fish 
and aquatic invertebrates at environmentally relevant concentrations (Robinson et al., 2005; Park 
and Choi, 2008). However, several experiments indicated that cyanobacteria and non-
phototrophic microbial communities could be affected by antibiotic pollution at concentrations 
that are orders of magnitude lower than the threshold concentrations derived from toxicity data 
for standard test species (Maul et al., 2006; Ebert et al., 2011; Yergeau et al., 2012; Wunder et al., 
2013). Possibly, effects of antibiotics on cyanobacteria could affect the community structure of 
primary producers, which might propagate to primary and secondary consumers (Rico et al., 
2014). Furthermore, the disruption of important ecosystem processes such as organic matter 
mineralization (Maul et al., 2006), nitrification (Klaver and Mattews, 1999), and/or degradation of 
organic pollutants (Näslund et al., 2008) could result in changes in water quality and might induce 
additional stress to aquatic organisms. To date, our knowledge on the effects of antibiotics on 
ecological interactions is still very limited and, therefore, further research needs to be undertaken 
to assess the potential side effects of antibiotics on ecological functions and on the structure of 
aquatic communities in multitrophic systems.  
Model ecosystem studies (i.e., microcosms and mesocosms) have been used in the risk 
assessment of pesticides and veterinary medicines since they provide more ecological realism as 
compared to laboratory bioassays and allow the identification of potential interactions between 
aquatic communities and ecosystem functions (Van den Brink et al., 2005). The number of studies 
evaluating the fate and effects of antibiotics on aquatic model ecosystems is very limited, and all 
of them have been performed under temperate climatic conditions (e.g. Wilson et al., 2004; 
Knapp et al., 2005; Maul et al., 2006). Recent monitoring studies have detected antibiotic residues 
in several rivers impacted by urban and intensive animal production in (sub-)tropical regions of 
Asia (Yang et al., 2011; Shimizu et al., 2013; Rico et al., Submitted), suggesting that the study of 
the potential ecotoxicological effects of antibiotics in the tropical zone requires further attention.  
The main objectives of the present study were (1) to get a better understanding on the potential 
direct and indirect toxic effects of antibiotic pollution on tropical aquatic ecosystems, (2) to 
identify sensitive structural and functional endpoints for the risk assessment of antibiotics, and (3) 
to assess whether the use of threshold concentrations derived from laboratory toxicity data 
would result in a sufficient level of protection for tropical aquatic ecosystems. For this, we 
assessed the effects of the fluoroquinolone antibiotic enrofloxacin on five structural 
(macroinvertebrates, zooplankton, phytoplankton, periphyton and bacteria) and two functional 
(organic matter decomposition and nitrogen cycling) endpoint groups in outdoor freshwater 
microcosms in tropical Thailand. Enrofloxacin was chosen as test compound because of its broad 
use in livestock and aquaculture production in tropical countries (e.g. Lampang et al., 2007; Rico 
et al., 2013a), and because of the availability of data on its environmental fate and aquatic toxicity 
(Knapp et al., 2005; Robinson et al., 2005; Park and Choi, 2008; Ebert et al., 2011; Rico et al., 
Submitted). In our study, enrofloxacin was applied in daily pulses for a period of 7 days to 
eutrophic microcosms, simulating exposure patterns in tropical ecosystems receiving aquaculture 
effluents that contain enrofloxacin residues (Rico and Van den Brink, 2014). Enrofloxacin shows 
antibacterial activity against a broad spectrum of (gram-positive and gram-negative) bacteria and 
is believed to act by inhibiting bacterial DNA gyrase or topoisomerase IV, thus preventing bacterial 
DNA synthesis and reproduction (Hooper, 1999). Under environmental conditions, enrofloxacin is 
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rapidly de-ethylated to form ciprofloxacin (Knapp et al., 2005), which is an antibiotic that has been 
listed as critically important for its use in human medicine (WHO, 2012). The occurrence of 
antibiotics such as enrofloxacin and ciprofloxacin in the environment has raised concerns about 
their selective pressure on clinically relevant bacteria and the development of antibiotic 
resistance (Suzuki and Hoa, 2012), and therefore the assessment of their degradation and 
transformation under tropical conditions adds crucial information to perform refined exposure 
assessments.  
2. Material and methods 
2.1. Experimental design 
The present experiment was performed in ten outdoor microcosms at the Faculty of Fisheries of 
Kasetsart University (KU, Bangkok, Thailand; see Fig. 1). Each microcosm consisted of a PVC tank 
(top diameter: 122 cm; bottom diameter: 101 cm; total depth: 80 cm; water depth: 63 cm; water 
volume: 600 L) initially filled with approximately 3 cm of silica-based fine gravel (1-2 mm 
diameter) extracted from natural rivers in the north of Thailand, and tap water pre-stored for one 
week to allow dissipation of possible chlorine residues. An aeration system was installed in each 
microcosm in order to provide mixing of the water during the experimental period. The 
experiment was performed during March and April 2012 (dry season). The weather conditions 
during the experimental period were: air temperature 32 (24-40) °C (mean, minimum-maximum), 
relative humidity 63 (50-75) %, and daily precipitation 1.7 (0-37) mm (rained on 19% of days) (Don 
Muang Weather Station, Bangkok, Thailand). The microcosms were stocked with plankton and 
macroinvertebrates collected from freshwater outdoor tanks located at the Ornamental Fish 
Facilities of KU, from a water reservoir at KU, from the water canal located at the Asian Institute 
of Technology (AIT, Bangkok, Thailand) described in Daam and Van den Brink (2011), and from 
outdoor freshwater tanks located at the hatchery of the AIT. These sampling sites were selected 
because they were uncontaminated sources that showed a relatively high biodiversity of 
phytoplankton and invertebrates native to Thailand. The stock of the macroinvertebrates was 
performed by distributing the same number of animals into each microcosm, and the stock of 
plankton by introducing equal volumes of concentrated plankton sample into each microcosm. 
The planktonic and macroinvertebrate communities were allowed to establish for a period of 4 
weeks prior to the application of the test substance. During this period, water was exchanged 
between microcosms biweekly in order to homogenise the structure of the communities between 
the systems. Nitrogen (1.4 mg/L as urea) and phosphorus (0.18 mg/L as triple super phosphate) 
were added biweekly to the systems according to the recommendations provided by Daam and 
Van den Brink (2011) during the entire experimental period. The resulting experimental systems 
were plankton dominated and showed a high eutrophication level, mimicking uncontaminated 
aquatic systems receiving nutrient-rich effluents from aquaculture or livestock production areas 
which may be contaminated by antibiotic residues. 
2.2. Application of the test substance 
Enrofloxacin was applied to the microcosms in daily pulses (at around 4 pm) at a nominal 
concentration of 1, 10, 100 and 1000 µg a.i./L during a period of seven days (starting on April 3rd 
2012). The selected dosing scheme tried to simulate exposure regimes in aquatic ecosystems 
resulting from antibiotic treatments used in aquaculture or livestock production. The enrofloxacin 
application was performed in eight microcosms in duplicate replicated treatments, while the 
remaining two microcosms were used as controls. Enrofloxacin stock solutions (667 mg/L) were 
prepared daily with enrofloxacin powder purchased from Sigma Aldrich (purity ≥ 98%, Lot 
Number: 0001369030). In order to dissolve the enrofloxacin crystals, the weighted amount of the 
compound was introduced with distilled water in a volumetric flask and sonicated for 30 minutes 
at 45 °C. Subsequently, 200 µL of ammonia solution (25% v/v ammonia) were introduced in the 
volumetric flasks. The solutions were shaken gently by hand and then sonicated for another 15-30 
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minutes under the same temperature conditions until the compound was completely dissolved. 
Dosing solutions of 0.60, 6.03, 60.3, and 603 mg/L were created by diluting aliquots of the stock 
solutions in 1 L of distilled water. Finally, the prepared dose solutions were poured over the water 
surface of the microcosms and mixed by stirring with a wooden stick.  
  
Figure 1. Experimental set-up and detail of the freshwater microcosms used in this study. 
2.3. Sampling and analytical verification 
The concentration of enrofloxacin and ciprofloxacin (main by-product of enrofloxacin) were 
determined in water samples collected approximately 30 min after the first application, 24h after 
the first application (prior to the second application), approximately 30 min after the last 
application (i.e., seventh application), 2 days after the last application, and 7 days after the last 
application. Depth-integrated water samples (500 mL) were collected with a Perspex tube and 
stored in the fridge (4°C) for a maximum period of 24h until analysis.  
On the day of the analysis, internal standard (norfloxcin-D5) was added to 1 mL sub-samples of 
the cosm water samples in order to reach a concentration of 5 µg/L. Subsequently, the sub-
samples were filtered through a nylon membrane with 0.22 µm pore size and transferred into 
glass vials. Enrofloxacin and ciprofloxacin were analysed by High-Performance Liquid 
Chromatography (HPLC) using a Waters 2695 Alliance HPLC Separation Module. The 
chromatographic separation was performed by means of a Shiseido Capcell Pak C18 column (150 
x 2 mm; 3 µm) at 30°C. The mobile phase was formed by (A) 50 mM ammonium acetate (pH = 3.0) 
and (B) acetonitrile, and the flow rate was set to 0.2 mL/min. The mobile phase composition for 
the separation method lasted for 15 min with the following elution gradients: 90% A, to 70% A in 
min 3, to 40% A in min 5, to 10% A in min 6, held for 4 min, to 90% A in min 10 and held for 5 min. 
Sample injection volumes were 20 µL. The detection was performed by MS/MS using a Quattro 
Ultima (Micromass, UK, Ltd.) triple stage quadrupole mass spectrometer with the following 
conditions: ionization mode ESI+, capillary voltage of 3.0 kv, cone voltage of 50 v, source 
temperature of 120 °C, desolvation temperature of 350 °C, and nitrogen gas flow of 50 L/h in the 
cone and 600 L/h in the desolvation. The detection limit for both antibiotics in the water samples 
was 0.1 µg/L. The calculated recoveries of the analytical method (at a concentration of 10 µg/L) 
were 89 ± 2% for enrofloxacin, and 104 ± 3% (mean ± SD; n = 3) for ciprofloxacin. The measured 
concentrations in the cosm water samples were corrected for the method recovery. 
2.4. Water quality  
Dissolved oxygen (DO), pH, electrical conductivity (EC) and temperature (T) were monitored on 
day 7 and 1 before the antibiotic treatment, 1 hour after the first antibiotic application, and on 
day 2, 7, 9, 14, 21 and 28 after the first antibiotic application. Measurements were made in the 
morning (at 8 am) and at the end of the afternoon (around 6 pm) at an approximate water depth 
of 10 cm. DO, pH and T were measured with a HQ40d multimeter and EC with an EC-meter 
(Eijkelkamp 18.28).  
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Alkalinity levels and the concentration of ammonia, nitrite, nitrate and total phosphorus were 
measured in microcosm water samples collected on the same days as the other water quality 
parameters, except for day 9 after the first antibiotic application. A depth-integrated water 
sample (1 L) was collected with a Perspex tube and stored at 4°C until analysis. Analysis of the 
alkalinity and nutrient concentrations was performed according to the methods described in 
APHA (2005). 
2.5. Phytoplankton and zooplankton  
Phytoplankton and zooplankton samples were taken on day 7 and 1 day before the start of the 
antibiotic treatment, and on day 2, 7, 9, 14, 21 and 28 after the first antibiotic application. Depth-
integrated water samples of 5 L were collected using a Perspex tube and were passed through a 
plankton net with a mesh size of 20 µm for phytoplankton, and 55 µm for zooplankton. The 5 L 
water samples were concentrated to an approximate volume of 100 mL. Subsequently, the 
concentrated samples were fixated with Lugol’s iodine solution and stored at 4 °C until further 
identification. 
Sub-samples (200 µL) of the concentrated phytoplankton samples were analysed with an inverted 
microscope (400x). Phytoplankton taxonomy was determined to the lowest practical level, and 
the species or genus densities were calculated as the number of individuals per litre of microcosm 
water. In addition, the chlorophyll-a content of the phytoplankton was used as a proxy for the 
phytoplankton biomass in the microcosm water. For the analysis of the chlorophyll-a, 150 mL of 
the microcosm water was filtered through a Whatman GF/C glass-fibre filter (mesh size: 1.2 µm). 
Chlorophyll-a samples were extracted according to the acetone extraction procedure described in 
APHA (2005).  
Cladocerans, ostracods and copepods were counted in the concentrated zooplankton sample 
using a binocular microscope with a magnification of 15-25x. Furthermore, a sub-sample (1-2 mL) 
of the zooplankton sample was taken for the identification of rotifers and copepod nauplii using 
an inverted microscope (magnification 100x). Rotifers and cladocerans were identified to the 
lowest practical taxonomic level. Copepods were identified to suborder (i.e., calanoids or 
cyclopoids), and a distinction was made between nauplii stages and the more mature stages. 
Ostracods were not further identified. The number of individuals of each species was re-
calculated to numbers per litre of microcosm water. The phytoplankton and zooplankton species 
identification was made by using several taxonomic classification keys for tropical aquatic 
organisms (e.g. Wongrat, 2000; Fernando et al., 2002). 
2.6. Periphyton  
The effects of the treatment on the periphyton community was assessed by measuring the 
chlorophyll-a content of the periphyton biomass on artificial substrates. Three series of 5 
microscopic glass slides (7.5 x 2.5 cm) were introduced at a water depth of 30 cm in each 
microcosm 7 days before the first antibiotic application. On day 7, 14 and 28 after the first 
antibiotic application, a glass slide series was retrieved and the attached periphyton was collected 
by scraping them (in 0.5 L of water) until slides were visually clean. The chloropyll-a in the water 
containing the scraped periphyton was measured according to APHA (2005). Finally, the mass of 
chlorophyll-a per square centimetre of glass slide was calculated by dividing the total chlorophyll-
a content of the water sample by the area of the glass slide that was scraped.  
2.7. Macroinvertebrates  
The diversity and abundance of macroinvertebrate organisms were monitored by using pebble 
stone baskets that served as artificial substrates. Two pebble baskets (20x20x10cm) were placed 
on the sediment’s surface of each microcosm three weeks before the antibiotic treatment. 
Macroinvertebrates were sampled 1 day before the start of the antibiotic treatment, and on day 
2, 9, 14, 21 and 28 after the first antibiotic application. The artificial substrates were sampled 
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alternately. On each sampling day, one of the substrates was gently lifted from the sediment and 
directly enveloped by a net (51x38 cm; mesh size: 0.5 mm). The substrates were gently shaken 
inside of the net to collect the invertebrates inhabiting the substrates. Moreover, the net was 
passed through the water column next to the tank’s wall covering approximately one quarter of 
the walls’ surface in order to catch swimming macroinvertebrates. The collected invertebrates 
were introduced in a white plastic tray, where they were identified and counted alive. Finally, the 
counted invertebrates were released back into their original microcosm. 
2.8. Organic matter decomposition  
In order to study the effects of the antibiotic treatment on microbial organic matter 
decomposition, three litter bags containing approximately 2 g of Musa (banana) leaves were 
introduced in each microcosm one day before the first antibiotic application. First, the banana 
leaves were leached in tap water for two days and dried in the oven at 70°C for 48 h. A known 
weight (approximately 2 g) of the dried banana leaves was introduced into nylon bags (mesh size: 
0.5 mm). The litter bags were suspended at an approximate water depth of 30 cm in the 
microcosms. One litter bag was retrieved from each microcosm on day 7, 14 and 28 after the start 
of the treatment. The decomposed material was dried at 70°C for 48 h and weighted. The 
percentage of organic matter decomposition was calculated by comparing the initial dry weight of 
the banana leaves (before introduction into the microcosms) and the final dry weight after the 
incubation period in the microcosms. 
2.9. Microorganisms  
Changes in bacterial community structure present on leaf material and sediment were monitored 
after antibiotic application. Musa leaves were dried at 70°C for 48h and introduced into nylon 
bags (mesh size: 0.5 mm). Two nylon bags were hung at 30 cm depth in each microcosm seven 
days before the first antibiotic application. The nylon bags were retrieved from the microcosms 
on day 7 and 14 after the first antibiotic application. The nylon bags were opened and leaves were 
carefully transferred into plastic bags. Integrated sediment samples (3 cm) were collected from 
each microcosm on day 7, 14 and 21 after the first antibiotic application, and were introduced 
into plastic bags. Plastic bags containing the leaf and sediment material were frozen at -20°C until 
further analysis. 
Three leaf discs (1 cm diameter) were taken from every leaf sample collected, and a sub-sample 
of 2 g was collected from the sediment samples for further analysis. Leaf discs and sediment sub-
samples were subjected to total DNA extraction, using the FastDNA® Spin kit for Soil (MP 
Biomedicals, Santa Ana, CA) according to manufacturer’s instructions (Mincer et al., 2005). The 
quality and quantity of the isolated DNA were checked by using a Nanodrop ND-100 
spectrophotometer (Thermo Scientific, San Jose, CA, USA). Before using the DNA samples in 
further experiments an equal dilution was made for all samples. The 16S rRNA gene was partially 
amplified (V1 to V2 region) by polymerase chain reaction (PCR). PCR products were analysed by 
denaturing gradient gel electrophoresis (DGGE) according to Lin et al., (2012). Briefly, DGGE was 
performed on polyacrylamide gels with a denaturant gradient from 30 to 60% (100% denaturing 
acrylamide was defined as 7 M urea and 40% (v/v) formamide) using a DCode Universal Mutation 
Detection System (Bio-Rad, Hercules, CA, USA) (Muyzer et al., 1993). Aliquots of the PCR products 
were loaded on the gel and electrophoresis was carried out with 1 x Tris-acetate-EDTA buffer 
(60°C, 85 V) for 16h. The resulting gels were silver-stained according to Sanguinetti et al. (1994) 
and scanned. Finally, the Bionumerics software version 4.61 (Applied Maths, Belgium) (Tzeneva et 
al., 2009) was used for DGGE band detection and band intensity quantification. The results of this 
analysis were used to assess total operational taxonomic units (OTUs), as proxy for bacterial 
richness, and the relative intensity of the present bands, as a proxy for relative abundance (RA) of 
different OTUs (Massana and Jürgens, 2003).  
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Quantitative PCR (qPCR) was used to determine the abundance of total bacteria (16S rRNA gene), 
bacterial and archaeal ammonia oxidizers (amoA gene) and nitrogen-fixing bacteria (nifH gene) in 
the leaf and sediment samples. All qPCR reactions were performed in a 384-well plate (Bio-Rad) 
using a CFX384 Real-Time PCR Detection System (Bio-Rad). All samples were analysed in triplicate, 
and reactions were carried out in a total volume of 10 L. Single qPCR reactions were prepared 
using 5 L of iQ SYBR Green super mix (Bio-Rad), 0.4 L of forward and reverse primers (10 M), 
0.1 L of BSA (20 mg/mL), 0.1 L of VisiBlueTM qPCR mix colorant (TATAA Biocentre) and 4 L of 
DNA (1.25 g/mL). Primer combinations and cycle conditions are described on Table 1. At the end 
of each qPCR run, a melting curve analysis was performed from 60 to 99 C with an increase of 0.5 
C every 10 seconds. Purity of the qPCR products was checked by the observation of a single peak 
on the melting curve, while correct size amplification was confirmed on a 1% (w/v) agarose gel. 
For each qPCR reaction a standard curve comprising 10 serial 10-fold dilutions of the target gene 
was created. Standards were obtained by amplifying the target genes from the following sources: 
Escherichia coli (16S rRNA gene), Nitrososphaera viennensis (archaeal amoA gene), Nitrosospira 
multiformis (bacterial amoA gene) and Pseudomonas stutzeri (bacterial nifH gene). 
 
Table 1. Primers and cycle conditions used in the quantitative PCR reactions. 
Target gene Primers Cycle conditions References 
16S rRNA BACT1369F 
PROK1492R 
95 C – 3min; 40 cycles of 95 C – 30 
sec, 56 C – 45 sec, 72 C 60 sec. 
Suzuki et al. (2000) 
Archaeal amoA Arch-amoAF 
Arch-amoAR 
95 C – 3min; 40 cycles of 95 C – 30 
sec, 56 C – 45 sec, 72 C 60 sec. 
Francis et al. (2005) 
Bacterial amoA amoA-1F 
amoA-2R 
95 C – 3min; 40 cycles of 95 C – 30 
sec, 55 C – 45 sec, 72 C 60 sec. 
Rotthauwe et al. (1997) 
nifH nifHF 
nifHR 
95 C – 3min; 40 cycles of 95 C – 30 
sec, 63 C – 45 sec, 72 C 60 sec. 
Rösch et al. (2002) 
  
2.10. Data analysis 
No observed effect concentrations (NOECs) were calculated for all water quality parameters, 
chlorophyll-a content of the phytoplankton and periphyton community, organic matter 
decomposition data, and for all taxa of phytoplankton, zooplankton and macroinvertebrates. 
Effects were considered to be consistent when they showed statistically significant deviations 
pointing in the same direction for at least two consecutive sampling days or occurred on a single 
sampling day during or immediately after the treatment period. The NOEC calculations were 
performed by using the Williams test (Williams, 1972), which assumes a monotonic increasing 
effect with increasing exposure dose. The Williams tests were performed with the Community 
Analysis computer program, version 4.3.05 (Hommen et al., 1994), using a significance level of 
0.05. Prior to the analysis, the species abundance data and the OTU’s RA dataset were ln(Ax+1) 
transformed, where x stands for the abundance value and Ax makes 2 by taking the lowest 
abundance value higher than zero for x. This was done in order to down-weigh high abundance 
values and approximate a normal distribution of the data (for rationale see Van den Brink et al., 
2000).  
 
The phytoplankton, zooplankton and macroinvertebrate datasets were analysed by the Principal 
Response Curve (PRC) method (Van den Brink and Ter Braak, 1999) using the CANOCO Software 
package, version 5 (Ter Braak and Šmilauer, 2012). The PRC method is a specific type of 
redundancy analysis (RDA) that is able to explain the variation in species composition between 
replicate microcosms from the exposure to a stressor by including the treatment regime as 
explanatory variable, and the interaction between the treatment regime and the sampling times 
as covariables. The overall significance of the antibiotic treatment regime on the variation in 
species composition (p ≤ 0.05) was tested by performing 499 Monte Carlo permutations (Van den 
Brink and Ter Braak, 1999). The significance of the antibiotic treatment regime per sampling date 
was calculated by performing single RDA permutation tests for the dataset of each sampling date 
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separately using Ln-transformed treatment concentrations as explanatory variable. Finally, the 
NOEC values at community level were calculated for each individual sampling date by applying 
Williams test to the sample scores of the first principal component of each sampling date (for 
rationale see Van den Brink et al., 1996).  
 
The use of the PRC method for the analysis of microbial data requires perfect alignment of the 
DGGE profiles obtained from different samples, which is a laborious and difficult task, and 
potentially introduces an extra source of variability to the dataset (Lin et al., 2012). For this 
reason, the statistical significance of the antibiotic treatment on the OTU and OTU’s RA datasets 
derived from the bacterial DGGE profiles were analysed by RDAs performed for each sampling 
date separately using the Ln-transformed treatment concentrations as explanatory variables 
(Monte Carlo permutation test: 499 permutations; p ≤ 0.05). In addition, Principal Component 
Analysis (PCA) bi-plots were constructed in order to graphically show the within treatment 
variations. The PCA and RDA analyses were performed using the CANOCO Software package 
version 5 (Ter Braak and Šmilauer, 2012). Bacterial community NOECs were calculated for each 
sampling date following the same procedure as described above. The NOECs for the total bacterial 
abundance, abundance of bacterial and archaeal amoA gene, and abundance of the nifH gene 
were calculated with the Williams test (p ≤ 0.05; Williams, 1972). 
3. Results 
3.1. Exposure concentrations 
Measured enrofloxacin concentrations after the first application were, on average, 102% of the 
intended concentrations (range: 88-121%) (Fig. 2). Based on the enrofloxacin concentrations 
measured 24 h after the first application and the equations described in Hoang et al. (2012), a 
first-order half dissipation time (DT50) of 11.7 ± 1.35 h and a dissipation rate constant of 1.44 ± 
0.17 d-1 (mean ± standard deviation) were calculated. The concentrations of enrofloxacin 
measured two days after the last application were below the detection limit, except for the 
treatment with 100 and 1000 µg/L, which were 1.8 and 292 µg/L, respectively. One week after the 
last application, all measured enrofloxacin concentrations fell below the detection limit, except 
for the highest treatment level (1000 µg/L), which had a concentration of 23 µg/L (Fig. 2). The 
calculated 7-day average concentrations of enrofloxacin in the treated microcosms were 
approximately 0.7, 7, 69 and 686 µg/L, for the lowest to the highest treatment level, respectively. 
Enrofloxacin was rapidly transformed into ciprofloxacin. Measured ciprofloxacin concentrations 
24h after the first enrofloxacin application were, on average, 11% of the applied dose . Seven days 
after the last enrofloxacin application, ciprofloxacin was detected only in the 100 and 1000 µg/L 
treatments at concentrations of 1.1 and 40 µg/L, respectively.  
3.2. Water quality parameters 
The daily average water temperature in the microcosms ranged between 30 and 35°C during the 
experimental period. The water temperature gradually increased after the treatment period 
reaching a maximum water temperature of 38°C on day 28 after the first antibiotic application 
(Fig. 3A, B). Average DO concentrations in the control microcosms ranged between 4.1 in the 
morning, to concentrations above the oxygen saturation level in the afternoon(average morning 
value: 5.5 mg/L; average afternoon value: 14 mg/L). On day 21 after the first antibiotic 
application, morning DO concentrations dropped to critical levels (below 2 mg/L) in some 
microcosms. The average daily oxygen production in the control microcosms (i.e., difference 
between morning and afternoon concentration) was 8.4 mg/L, denoting a very high primary 
productivity. A trend was observed towards lower DO concentrations and lower daily oxygen 
production in the highest treatment level (1000 µg/L), however, significant differences with the 
control treatment were only calculated for the oxygen production values after the second 
enrofloxacin pulse (Table 2; Fig. 3C, D). The pH in the microcosms ranged between 8.0 and 10.7. 
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Although a decrease in the pH was observed in the highest treatment level (1000 µg/L) during the 
treatment period, deviations to the controls were lower than 0.8 pH units and differences were 
not statistically significant (Table 2; Fig. 3E). The measured EC and alkalinity levels during the 
whole experimental period were 259 (213-349) µs/cm and 90 (57-140) mg CaCO3/L (mean, 
minimum-maximum), respectively. No treatment-related effects could be demonstrated for these 
two parameters during the experimental period (Table 2; Fig. 3F).  
 
Figure 2. Measured water concentrations of enrofloxacin (dots) and ciprofloxacin (triangles) in the different treatments 
(mean ± standard deviation). The figure only displays those measured antibiotic concentrations that exceeded the 
detection limit of the analytical method (0.1 µg/L). The dashed line represents the theoretical enrofloxacin 
concentration in the microcosm water calculated with the first-order dissipation rate constant derived from the present 
study (k = 1.44 d
-1
). 
Ammonia concentrations showed a significant increase at the highest treatment level (1000 µg/L) 
during the treatment period, and one week after the treatment period (Table 2, Fig. 4A). The 
average ammonia concentrations on day 2, 7 and 14 after the first antibiotic application were 2.6, 
3.2, and 1.0 mg/L in the highest treatment level (1000 µg/L), and 1.3, 0.7 and 0.4 in the controls, 
respectively. Nitrite concentrations were considerably higher in the control treatment samples 
than in the rest of the treatments during the pre-treatment and treatment period (Fig. 4B), and 
were found to decrease in the highest treatment level on day 2, 7, and 14 after the first antibiotic 
application, although the data did not show significant differences. Nitrate concentrations during 
the pre-treatment and treatment periods showed a high variability, with considerably higher 
values in the control (0.4-0.5 mg/L) and in the lowest antibiotic treatment (0.7-0.9 mg/L), 
compared to the other treatments (Fig. 4C). This variability could be visually associated to 
different periphyton or phytoplankton dominating states in the microcosms. Microcosms with 
high quantities of filamentous algae adhered to the walls of the tanks generally showed lower 
dissolved nitrate concentrations. A trend was observed towards lower nitrate concentrations in 
the highest treatment level during the antibiotic application period although, due to the high 
variability observed in the other treatment levels, significant differences could not be 
demonstrated (Table 2; Fig. 4C). Total phosphorus concentrations ranged between 0.07-0.69 mg/L 
during the whole experimental period (average: 0.24 mg/L), and did not show any treatment-
related significant variation (Table 2). 
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Table 2. No observed effect concentrations (NOECs; Williams test, p ≤ 0.05) in µg/L (expressed in terms of nominal 
single-dose enrofloxacin concentration) for water quality parameters measured on each sampling date. The shaded 
area indicates the treatment period. 
Endpoint 
Days after first application               
-7 -1 0 1 2 7 9 14 21 28 
DO a.m.  > > > > > > > > > > 
DO p.m. > > > > > > > > > > 
DO production > > > > 10 (↓) > > > 10 (↓) > 
pH a.m. > > > > > > > > > > 
pH p.m. > > > > > > > > > > 
EC a.m. > > > > > > > > > > 
EC p.m. > > > > > > > > > > 
Alkalinity > > NM NM > > NM > > > 
Ammonia > > NM NM 100 (↑) 100 (↑) NM 100 (↑) > > 
Nitrite < 1 (↓) > NM NM > > NM > > > 
Nitrate > > NM NM > > NM > > 1 (↓) 
Total phosphorus > > NM NM > > NM > > > 
Chlorophyll-a > > NM NM > > NM > > > 
↑ = increase, ↓ = decrease, > = no significant effect (NOEC > 1000 µg/L), NM = not measured 
 
 
  
  
Figure 3. Water quality parameter dynamics measured during the experimental period. The figures show temperature 
(T) measured early in the morning (8 am) (A) and late in the afternoon (6 pm) (B), afternoon dissolved oxygen (DO) 
measurements (C) and dissolved oxygen production (difference between morning and afternoon levels) (D), and 
afternoon pH (E), and electric conductivity (EC) measurements (F). Afternoon dissolved oxygen values exceeded the 
oxygen saturation levels (about 7 mg/L at 35°C) due to the high primary production in the microcosms. The shaded area 
indicates the treatment period. 
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Figure 4. Ammonia (A), nitrite (B), nitrate (C), and chlorophyll-a (D) dynamics measured during the experimental period. 
The shaded area indicates the treatment period. 
 
3.3. Phytoplankton community 
Thirty nine phytoplankton taxa were identified in the current study, belonging to 5 different 
taxonomic groups Chlorophyceae (20 taxa), Cyanobacteria (8), Bacillariophyceae (5), 
Desmidiaceae (3), Dinophyceae (2), and Euglenophyceae (1). The phytoplankton community was 
dominated by a limited number of taxa, and many occurred at low densities (< 1 individual/mL) 
and/or were only observed on a limited number of sampling days (Table S1). The most abundant 
phytoplankton taxa in decreasing order were: Chlorella sp. (Chlorophyceae) and Coelastrum sp. 
(Chlorophyceae). The total phytoplankton abundance in the controls considerably decreased after 
the pre-treatment period, however the relative abundance of species remained relatively 
constant (Fig. S1). 
The total taxa richness observed on day 14 was slightly higher in all treated microcosms compared 
to the controls (Table 3; Fig. S2A). These differences, however, occurred in one isolated sampling 
day and were very small (i.e., from 11 taxa in controls to 16 taxa in the 1000 µg/L treatment level) 
and, hence, a clear dose-response effect relationship could not be identified. The water 
concentration of chlorophyll-a in the microcosms were relatively high, indicating a high primary 
productivity in the systems, and increased during the treatment period. However, significant 
effects of the antibiotic could not be demonstrated (Table 2; Fig. 4D). The results of the PRC 
analysis did not show significant effects of the enrofloxacin treatment on the composition of the 
phytoplankton community (p = 0.53). Consistent statistically significant treatment-related effects 
were calculated for only 1 out of the 39 phytoplankton taxa. A Scenedesmus species showed a 
higher abundance at the three highest treatment levels compared to the controls (Table 3; Fig. 
S2B,C).  
3.4. Periphyton biomass 
The periphytonic chlorophyll-a density in the control microcosms ranged between 2 and 7 µg/dm2 
of glass slide (Fig. S5B). On average, chlorophyll-a contents increased on day 14 after the first 
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antibiotic application of the four treatments. However, the results of the univariate analysis did 
not show a significant effect of the antibiotic treatment on the chlorophyll-a content at any of the 
sampling dates. 
3.5. Zooplankton community  
The sampled zooplankton community consisted of 20 Rotifera taxa, 6 Cladocera taxa, 2 Copepoda 
taxa and 1 Ostracoda taxon. The most abundant taxa belonged to Rotifera (i.e., Brachionus 
angularis, Filinia longiseta, Brachionus caudatus, Hexathra sp., Ploesoma sp., Brachionus 
calyciflorus, Polyarthra vulgaris, and Trichocerca sp.) and Copepoda (i.e., nauplii stages and 
cyclopoids) (Table S2). The control microcosms were dominated by cyclopoid copepods, the 
rotifers Ploesoma sp., P. vulgaris, B. angularis, and the cladoceran Ceriodaphnia reticulata. During 
the experimental period, the relative abundance of Copepoda, Cladocera, and Ploesoma sp., 
decreased. The numbers of the Brachionus rotifers increased sharply during the last two weeks of 
the experimental period, probably due to the increased water temperatures, and resulted in a 
notable increase of the total zooplankton abundance (Fig. S1).  
The results of the PRC analysis did not show significant effects of the enrofloxacin treatment on 
the zooplankton community (p = 0.62). Significant univariate responses were calculated for 8 taxa, 
but only one species (C. reticulata) showed a consistent response (Table 3). C. reticulata 
abundance was significantly lower in the treated microcosms than in the controls after the start of 
the treatment. However such differences were already appreciable in the pre-treatment period 
(Fig. S3D). 
3.6. Macroinvertebrate community  
During the experimental period, 17 different macroinvertebrate taxa were identified, the majority 
of which belonged to Insecta (11 taxa), followed by Mollusca (5) and Annelida (1) (Table S3). The 
most abundant genera in decreasing order were Chironomidae, Micronecta sp., and 
Notonectidae. The relative abundance of these three taxa in the control microcosms remained 
relatively constant during the experimental period. The total macroinvertebrate abundance was 
generally low in the pre-treatment period and in the last two weeks of the experimental period 
(Fig. S1).  
The total macroinvertebrate taxa in all the treatment levels slightly decreased during the 
experimental period. The results of the PRC analysis did not show a significant effect of the 
enrofloxacin treatment on the macroinvertebrate community (p = 0.30). The results of the 
univariate analysis indicated a significant increase in the abundance of two snail species 
(Melanoides tuberculata and Physella acuta) in the highest enrofloxacin treatment level (1000 
µg/L) (Table 3). However, these significant effects were observed on isolated sampling dates and 
the abundance of these species in the microcosm samples was very low (Fig. S4B,C).  
3.7. Organic matter decomposition 
The decomposition of the Musa leaves in the control microcosms were 24%, 43% and 76%, after 
an incubation period of 1, 2 and 4 weeks, respectively (Fig. S5A). The results of the univariate 
analysis did not show treatment-related effects on the percentage of decomposition in any of the 
sampling dates. It must be noted, however, that in some instances macroinvertebrates (e.g. 
Chironomidae) were found to be feeding on the leaves, which could have influenced the leaf 
breakdown.  
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Table 3. No observed effect concentrations (NOECs; Williams test, p ≤ 0.05) expressed in terms of nominal single-dose 
of enrofloxacin concentration (µg/L) for the phytoplankton, zooplankton, macroinvertebrate and microorganism 
endpoints evaluated. Only individual taxa that showed a treatment-related effect on at least one sampling date are 
included. The shaded area indicates the treatment period. 
 
Day after first application 
Note 
Endpoint -7 -1 2 7 9 14 21 28 
          Phytoplankton 
         
Community > > > > > > > > 
 
Total taxa richness > > > > > <1(↑) > > Fig. S2A 
Chlorophyta > > > > > > > > 
 
Scenedesmus sp. II NP > > > 10(↑) <1(↑) <1(↑) > Low density a, Fig. S2B 
Cyanophyta > > > > > > > > 
 
Desmidiaceae > > > > > > > > 
 
Diatomeae > > > > > > > > 
 
Diatom sp. IV > > > > > > 10(↑) > Low density a, Fig. S2C 
Dinoflagellata > > NP NP NP NP NP NP 
 
Euglenophyceae > NP NP NP NP NP NP NP 
 
          Zooplankton          
Community > > > > > > > > 
 
Total taxa richness > > > > > > > > Fig. S3A 
Cladocera > > > > > > 1(↑) > Fig. S3B 
Alonella sp. > > > 100(↑) > > > > Low density b, Fig. S3C 
Ceriodaphnia reticulata > > <1(↓) <1(↓) 100(↓) > > > Low density b, Fig. S3D 
Diaphanosoma senegal > > > > 100(↑) > > > Low density b, Fig. S3E 
Copepoda > > > > > > > <1(↑) Fig. S3F 
Nauplii > > > > > > > <1(↑) Fig. S3G 
Ostracoda > > > > > > 100(↑) > Fig. S3H 
Rotifera 10(↑) > > > > > > > Fig. S3I 
Brachionus angularis > > > > > > > 100(↓) Fig. S3J 
Brachionus caudatus > > > > > 100(↑) > > Fig. S3K 
Brachionus forficula NP > NP NP > > > <1(↓) Low density b, Fig. S3L 
Filinia longiseta NP NP NP NP > > 100(↓) > Fig. S3M 
Hexarthra sp.  > > > > > 100(↑) 10(↑) > Fig. S3O 
          Macroinvertebrates 
         
Community NM > > NM > > > > 
 
Total taxa richness NM <1(↑) > NM > > > > Fig. S4A 
Insecta NM > > NM > > > > 
 
Mollusca NM > > NM > > > > 
 
Melanoides tuberculata NM > 100(↑) NM > NP NP NP Low density c, Fig. S4B 
Physella acuta NM 10(↑) > NM > 100(↑) > > Low density c, Fig. S4C 
Annelida NM NP NP NM > NP NP NP 
 
          Microorganisms 
         
  Leaf samples          
  Bacterial OTUs  NM NM NM 100 NM 100 NM NM 
 
  Bacterial RA OTUs  NM NM NM 100 NM 100 NM NM Fig. 5A 
  Total bacteria NM NM NM 100(↓) NM > NM NM Fig. S6A 
  Bacterial amoA gene NM NM NM > NM > NM NM Fig. S6C 
  Archaeal amoA gene  NM NM NM > NM > NM NM Fig. S6D 
  nifH gene  NM NM NM 100(↓) NM > NM NM Fig. S6E 
  Sediment samples          
  Bacterial OTUs  NM NM NM > NM > > NM 
 
  Bacterial RA OTUs  NM NM NM > NM >* > NM Fig. 5B 
  Total bacteria  NM NM NM > NM > > NM Fig. S6B 
  Bacterial amoA gene NM NM NM 10(↓) NM 10(↓) > NM Fig. 5A 
  Archaeal amoA gene NM NM NM <1(↓) NM <1(↓) <1(↓) NM Fig. 5B 
  nifH gene NM NM NM > NM 100(↓) > NM Fig. S6F 
          
> = no significant effect (NOEC > 1000 µg/L), NM = not measured, NP = not present (taxa not present in the analysed samples). 
a The number of individuals per sample was, on average, lower than 1 individual/mL when the statistically significant effect was 
observed. 
b The number of individuals per sample was, on average, lower than 10 individuals/L when the statistically significant effect was 
observed. 
c The number of individuals was, on average, lower than 5 per sample when the statistically significant difference was observed. 
* Significant effects (Monte Carlo permutation test p = 0.05), but calculated NOEC was higher than 1000 µg/L. 
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3.8. Microorganism community 
The RDA analysis indicated significant effects of the antibiotic treatment on the bacterial OTUs 
and the RA of OTUs in the Musa leaf samples at the end of the treatment period (day 7) and one 
week after the antibiotic treatment (day 14), with calculated NOECs of 100 µg/L for both datasets 
and both sampling dates (Table 3; Fig. 5A). The total bacteria and the nifH gene abundance in the 
leaf samples of the highest treatment level decreased on day 7 after the first antibiotic application 
(Fig. S6A,E), however, the abundance of the bacterial and archaeal amoA gene did not show 
significant treatment-related effects (Fig. S6C,D; Table 3).  
The RDA analysis on the bacterial OTUs in the sediment samples did not show any treatment-
related effects. The sediment bacterial OTUs’ RA dataset only showed significant antibiotic-
related effects for the samples collected one week after the antibiotic treatment using the Monte 
Carlo permutation test, but the calculated NOEC was higher than 1000 µg/L (Table 3; Fig. 5B). The 
total abundance of bacteria in the sediment samples did not show significant treatment related 
effects (Fig. S6B). A significant decrease was observed in the amoA gene abundance during and 
after the antibiotic treatment, with calculated NOECs of 10 µg/L and below 1 µg/L for the 
sediment bacteria and archaea communities, respectively (Table 3; Fig. 6A,B). A significant 
decrease of the bacterial nifH gene abundance was only observed at the highest treatment level 
on the sediment samples collected one week after the antibiotic treatment (Fig. S6F; Table 3). 
A. RA OTUs leaf samples (day 14) B. RA OTUs sediment samples (day 14) 
  
Figure 5. Principal component ordination diagrams of the Relative Abundance (RA) of the Operational Taxonomic Units 
(OTUs) datasets derived from the DGGE profiles for the leaf (A) and sediment (B) samples collected on day 14. The 
calculated NOECs are presented in Table 3. The letters A and B in the graphs refer to the two replicates in each 
treatment level. 
  
Figure 6. Bacterial (A) and archaeal (B) amoA gene abundance in the sediment samples collected on day 7, 14 and 21 
after the first antibiotic application (mean ± standard deviation). The asterisk indicates significant differences with 
controls (Williams test; p ≤ 0.05). 
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4. Discussion 
4.1. Dissipation of enrofloxacin 
The results of our experiment showed that the dissipation of enrofloxacin from the water column 
and the formation of its by-product ciprofloxacin were quick processes. Several semi-field studies 
have demonstrated that photodegradation and sorption to organic matter are the main processes 
influencing the dissipation of fluoroquinolone antibiotics from surface waters (Cardoza et al., 
2005; Knapp et al., 2005). Knapp et al. (2005) evaluated the dissipation and transformation of 
enrofloxacin under different light conditions (i.e., full-light exposure, partial shading, and almost 
complete shading) in a mesocosm experiment performed during autumn in Kansas (USA). The 
enrofloxacin DT50 calculated by Knapp et al. (2005) (approximately 19 h) in the mesocosms with 
full-light exposure was slightly higher than the value calculated in our experiment (DT50 = 11.7 h), 
suggesting that tropical environmental conditions favour the dissipation of enrofloxacin from the 
aquatic environment, probably due to higher photodegradation.  
4.2. Enrofloxacin effects on primary producers 
In our experiment, the phytoplankton community and the biomass of the established periphyton 
community did not show a significant response to the antibiotic treatment. Laboratory toxicity 
studies have reported short-term growth inhibition EC50 values for enrofloxacin and ciprofloxacin 
in the range of 10 to 173 µg/L for cyanobacteria (Microcystis aeruginosa and Anabaena flos-
aquae) and 3,100-18,700 µg/L for green algae (Pseudokirchneriella subcapitata and Desmodesmus 
subspicatus) (Robinson et al., 2005; Ebert et al., 2011). Wilson et al. (2004) found a concentration-
dependent reduction in the abundance and species richness of phytoplankton, with cyanobacteria 
and cryptophyta/dinophyta being the most affected populations, in microcosms that were 
chronically exposed to a mixture of four tetracycline antibiotics, which have a similar toxicity to 
primary producers than fluoroquinolone antibiotics (Park and Choi, 2008). The significant effects 
observed by Wilson et al. (2004) 7 days after the start of the treatment period occurred in the 
microcosms that were exposed to an antibiotic concentration that was 2-3 times lower than the 
highest enrofloxacin concentration tested in our study. On the basis of this data, we expected to 
find a decline of the cyanobacterial population in the microcosms with the highest enrofloxacin 
concentration and a potential shift in the overall phytoplanktonic community structure, however, 
such trend could not be identified. A potential explanation for the absence of effects on the 
phytoplankton community in our experiment could be related to the high water pH measured in 
the microcosms. Enrofloxacin is a weak acid and the pH range measured in the test microcosms 
was rather alkaline (8.0-10.7). Based on the ionic component distributions shown in Kim et al. 
(2010), about 80 to 100% of the compound could have remained in its anionic form during the 
experimental period. Several studies have demonstrated that the bioaccumulation and toxicity of 
ionizable organic substances decreases when the molecule is in its ionized form (Rendal et al., 
2011 and references therein). For example, Fahl et al. (1995) found that the toxicity of 
chlorsulfuron, an ionizable herbicide, on Chlorella fusca growth was enhanced 25-fold by lowering 
the pH of the growth medium from 6.5 to 5.0, and Kim et al. (2010) found that the toxicity of 
enrofloxacin and ciprofloxacin to Daphnia magna increased in waters with lower pH. Thus, studies 
aimed at assessing the effects of pH on the toxicity of enrofloxacin and other ionizable antibiotics 
on primary producers, especially cyanobacteria, are recommended in order to confirm this 
hypothesis and to quantify the variability of the sensitivity to antibiotic exposure under different 
pH ranges. Another potential explanation for the lack of effects on primary producers resides in 
the dominance of Chlorophyceae species and the variability observed in the occurrence and 
abundance of potentially sensitive taxa (cyanobacteria) in the studied microcosms. Daam and Van 
den Brink (2011) argued that the phytoplankton community structure of tropical ecosystems 
largely depends on seasonally-related weather conditions. And cyanobacterial taxa, typically 
Microcystis, tends to dominate during situations of nutrient scarcity and/or light limitations, the 
latter most commonly occurring during the rainy season. Therefore, in order to better observe 
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potential phytoplankton structure damages by antibiotic exposure under tropical conditions, 
further semi-field tests with cyanobacteria-dominated systems during rainy season are 
recommended. 
4.3. Enrofloxacin effects on invertebrates 
The analysis of the zooplankton and macroinvertebrate communities did not show a significant 
response to the enrofloxacin application. Sporadic significant responses of certain taxa were 
observed, but were isolated and did not show a concentration response relationship. Acute 
toxicity studies with freshwater cladocerans and macroinvertebrates show acute EC50 values 
higher than 50 mg/L (Park and Choi, 2008; Rico et al., Submitted). Long-term studies assessing the 
effects of enrofloxacin and ciprofloxacin on reproduction (Park and Choi, 2008) and life-history 
traits (Martins et al., 2012) of Daphnia magna found NOEC values higher than the highest 
antibiotic concentration tested in our study. Furthermore, previous microcosm experiments 
performed in temperate regions have not been able to identify negative responses of invertebrate 
communities to environmentally relevant antibiotic exposure concentrations (Wilson et al., 2004; 
Maul et al., 2006). Therefore, based on the available literature and the results of this study we can 
conclude that (tropical and temperate) aquatic invertebrate communities are highly tolerant to 
enrofloxacin under realistic exposure conditions (i.e., several micrograms per litre).  
4.4. Enrofloxacin effects on microorganisms and ecosystem metabolism 
Enrofloxacin clearly affected the structure of leaf-associated bacterial communities and reduced 
bacterial abundance at concentrations higher than 100 µg/L, however little or no effects were 
identified for the sediment bacterial community (Table 3). Observed differences between the 
sensitivity of both bacterial communities could be related to differences in exposure patterns and 
characteristics of these bacterial communities. The bacterial community of our (3 cm) depth 
integrated sediment samples might have been exposed to a gradient of antibiotic exposure 
concentrations (from higher concentrations in the top layer, to lower concentrations in the 
bottom layers) and environmental conditions (from aerobic conditions in the top layer, to less 
aerobic or anaerobic conditions in the deeper layers). The higher richness of the sediment 
bacterial community compared to the leaf one (as shown by the number of OTUs in the DGGE 
profiles; Table S4; Fig. S7), might make them more resilient to antibiotic exposure (Girvan et al., 
2005) and is likely to hamper the identification of effects on less dominant species due to the fact 
that DGGE in general only allows to analyse populations of at least 1% in relative abundance 
(Muyzer et al., 1993). Knapp et al. (2005) did not find significant effects of enrofloxacin on water-
living bacterial communities in microcosms exposed to a single dose of 25 µg/L, but suggested 
that effects could be more prominent on organic matter surfaces, where prolonged exposures are 
more likely, as shown in our study. Maul et al. (2006) demonstrated a shift in carbon source 
utilization of leaf-associated microbial communities repeatedly exposed for 12 days to 100 µg/L of 
ciprofloxacin. In our study, the alteration of the bacterial community structure and decrease in 
total bacterial abundance observed at the highest enrofloxacin concentration did not influence 
the organic matter decomposition rates in the leaf samples, however, such trend could have been 
masked by the influence of invertebrates on the leaf breakdown. Therefore, we recommend to 
include such endpoint in further microcosm experiments with antimicrobial substances, but to 
lower the  mesh size of the litter bags containing the decomposing material to 300 µm or less to 
prevent any interaction with invertebrates.  
Our study demonstrated that sediment bacterial and archaeal ammonia oxidizers are highly 
sensitive to enrofloxacin (NOEC = 10 and 1 µg/L, respectively), and a causal link with their 
nitrification function could be demonstrated, showing an increase in the ammonia concentrations 
and a trend towards inhibition of the nitrate formation during the antibiotic exposure period at 
1000 µg/L. Several studies have demonstrated that nitrification is largely inhibited in aquatic 
systems exposed to therapeutic doses of antibiotics used in aquaculture (several mg/L), 
suggesting potential toxic effects for aquatic organisms due to the accumulation of ammonia 
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(Klaver and Matthews, 1994; Nimenya et al., 1999). Nimenya et al. (1999) estimated that 
ammonia oxidation and nitrate production will be reduced by about 1% and 2.3%, respectively, 
within 24h by enrofloxacin concentrations of 1 mg/L. This might explain the changes in nutrient 
concentrations observed at the highest treatment level of our experiment. Despite the reduction 
in sediment-born ammonia oxidizing microorganisms that was observed at almost all treatment 
levels, a significant increase in the microcosm ammonia concentrations was only demonstrated 
for the microcosms exposed to 1000 µg/L, returning to levels similar to controls within 2 weeks 
after the treatment. This suggests that water-living microorganisms (which were not evaluated) 
could have recovered faster than sediment microorganisms (potentially due to a lower exposure 
and damage), denoting a high resilience of the whole water-sediment microbial community and a 
fast recovery from antibiotic exposure. In conclusion, our study confirms that microbial functions 
such as nitrification might be affected in aquatic systems exposed to therapeutic concentrations 
of enrofloxacin such as those used in aquaculture bath treatments, but are not likely to be 
affected in natural aquatic ecosystems that are exposed to antibiotic residual concentrations, 
which typically are 2 to 3 orders of magnitude lower than therapeutic concentrations (Rico and 
Van den Brink, 2014). 
4.5. Study limitations  
To our knowledge, this is the first study that evaluated the fate and ecological effects of an 
antibiotic in tropical freshwater model ecosystems. The experimental set-up and methodological 
approach followed the recommendations provided for the ecotoxicological assessment of 
pesticides in tropical microcosms (see Daam and Van den Brink, 2011). However, we found some 
limitations that is worth to discuss in order to improve the methodological approach for testing 
the ecological effects of antibiotics. For example, nutrient additions have been recommended in 
order to sustain the plankton-dominated status of tropical model ecosystems (Daam and Van den 
Brink, 2011). In our experiment, biweekly pulsed nutrient (nitrogen and phosphorus) applications 
were performed, which could have masked the antibiotic effects on nitrogen transformation 
rates. In addition, aeration was constantly supplied to prevent temperature stratification in the 
microcosm water under such hot conditions and to avoid critical oxygen drops at night. We 
believe that such nutrient applications and aeration system were crucial to maintain the 
planktonic communities in such eutrophic systems, but could have hampered the observation of 
effects on microbial functional endpoints and ecosystem metabolism (e.g. nitrogen 
transformation, microbial respiration and aerobic organic matter mineralization). This suggests 
that worst-case effects of antibiotics in ecosystem functional endpoints should be better 
evaluated in less eutrophic systems and during the rainy season in which, as discussed previously, 
solar radiation and water temperatures are lower and the dominance of sensitive cyanobacteria is 
more likely. In addition, the metabolism of bacteria is known to be generally higher in tropical 
aquatic ecosystems with high temperatures (Amado et al., 2013), and the recovery potential of 
microorganisms exposed to non-selective bacteriostatic compounds is also expected to be higher, 
supporting the use of lower temperature systems to observe microbial-related effects. 
During the first three weeks of the pre-treatment period, about 20% of the microcosm water was 
exchanged biweekly in order to homogenize the microcosms, however, this turned out to be not 
enough to prevent differences in dominating periphyton and suspended algae taxa that competed 
for light and nutrients. We tried to avoid that by exchanging more than 50% of the microcosm 
water during the week before the antibiotic treatment. However, after a few days the microcosms 
often returned to their original states. This probably influenced the diversity of the planktonic and 
microbial communities in the microcosms (data not shown) and increased the variability between 
replicates, lowering the power of the statistical test. Therefore, future experiments should try to 
provide intensive mixing during the whole pre-treatment period (more than 50%, if possible every 
two-three days) and increase replication. 
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4.6. Threshold concentrations and implications for risk assessment 
 
Of all endpoints investigated in the current study, the abundance of bacterial and archaeal 
ammonia oxidizers were found to be the most sensitive (NOECs of 10 and < 1 µg/L, respectively). 
Therefore, according to the results of this study, the cut-off value used in the first-tier risk 
assessment of veterinary medicinal products (1 µg/L; VICH, 2000) provides a sufficient protection 
level for plant and invertebrate aquatic communities, and microbial-associated function (i.e., 
nitrification), but fails to protect the relative abundance of important microbial groups in 
sediments. Most of the second-tier threshold concentrations derived from toxicity data for 
standard test species and assessment factors appear to ensure a sufficient protection level for 
aquatic primary producers, invertebrate and microorganism communities, and for nitrification, 
whereas the threshold concentration derived from toxicity data for Microcystis aeruginosa (0.49 
µg/L) ensures the most conservative protection for key sediment microorganisms (i.e. nitrifiers) 
(Table 4). Table 4 also shows that the threshold concentration derived from the luminescence 
inhibition test performed with the marine bacterium Vibrio fischeri, which is often used as 
surrogate for aquatic bacterial communities in risk assessments, does not result in a sufficient 
level of protection for all aquatic bacterial taxa, and probably neither for microbial-associated 
functions. Furthermore, an assessment factor of at least 10 is recommended when safe 
concentrations are calculated from median HC5 values (hazardous concentration for the 5th 
sensitivity percentile of species) derived with Species Sensitivity Distributions (SSDs) for primary 
producers, including species of green algae and cyanobacteria (Table 4). 
Table 4. Threshold concentrations for enrofloxacin derived from laboratory toxicity data for bacteria, primary 
producers, invertebrates and fish. The last column indicates whether these threshold concentrations are protective or 
not for the abundance of ammonia oxidizing microorganisms (calculated NOEC < 1 µg/L) and their associated ecological 
function (calculated NOEC = 100 µg/L). 
 
Taxonomic 
group 
Species Endpoint 
Toxicity 
value  
(µg/L) 
Assessment 
factor a 
Threshold 
(µg/L) 
Protective for 
ammonia oxidizing 
microbes/function? 
Bacteria Vibrio fischeri 
IC50-15min 
(luminescence 
inhibition) 
326,800 b 100 327 No/No 
Primary 
producers 
Pseudokirchneriella 
subcapitata 
EC50-3d  
(growth inhibition) 
3,100 c 100 31 No/Yes 
Microcystis 
aeruginosa 
EC50-5d  
(growth inhibition) 
49 c 100 0.49 Yes/Yes 
Assemblage 
Median HC5 from 
SSD 
8.80d 10 0.88 Yes/Yes 
Invertebrates 
Daphnia magna EC50-2d (immobility) 56,700 b 1,000 57 No/Yes 
Daphnia magna 
NOEC-21d 
(reproduction) 
5,000 b 10 500 No/No 
Assemblage 
Median HC5 from 
SSD 
28,190d 10 2,819 No/No 
Fish Oryzias latipes 
EC50-4d  
(mortality) 
> 100,000 b 1,000 100 No/Yes 
a Assessment factors for standard test species of primary producers, invertebrates and fish based on the international guidelines for 
the environmental risk assessment of veterinary medicinal products (VICH, 2004). The assessment factors for the bacteria IC50 and for 
the HC5 for species assemblages were based on authors judgement.  
b Park and Choi (2008).  
c Robinson et al. (2005).  
d Rico et al. (Submitted). 
 
The majority of the fluoroquinolone antibiotic concentrations monitored in tropical surface 
waters are below the µg/L range. Some studies, however, have measured concentrations up to 
several µg/L in rivers impacted by aquaculture pollution (Rico et al., Submitted), and in effluents 
of animal farms and hospitals (see Suzuki and Hoa, 2012 for a review). At such environmental 
concentrations, enrofloxacin is likely to impact, at least temporarily, the structure and function of 
bacterial and archaeal communities, particularly in sediments, but not to directly affect algal 
primary producers or invertebrates. One of the aims of our experiment was to assess whether the 
effects of antibiotic pollution on microbial communities and important ecosystem functions could 
result in side-effects on primary producers and invertebrates. This experiment did not suggest 
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indirect effects at higher trophic levels, however, the exposure period used in this study was 
relatively short, and the recovery of the ecosystem function impairment was relatively quick. 
Therefore, more studies are required with prolonged exposure periods and using other antibiotics 
(if possible, with higher environmental persistence) and under different environmental and 
biological conditions (with lower temperatures and with higher dominance of cyanobacteria). 
Such experiments should also include fish, as they have been demonstrated to show a lower 
tolerance to ammonia accumulation in surface waters than invertebrates (Arthur et al., 1987). 
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Chapter 9 
 
Predicting antibiotic resistance in aquaculture 
production systems and surrounding environments 
 
Andreu Rico, Paul J. van den Brink, Alfredo Tello  
Abstract  
Intensive aquaculture production can constitute a  relevant source of antibiotic pollution and 
antibiotic resistance (AR) genes. Assessing the risks associated with antibiotic pollution and AR is 
critical to derive measures aiming at preventing and mitigating AR risks. In this study we introduce 
a framework to predict and assess the development of AR in aquaculture production systems and 
their adjacent environments. The framework we propose mechanistically links antibiotic exposure 
and bacterial species sensitivity distributions using probabilistic risk assessment, and yields a 
quantitative estimate of the probability that the application of a given antibiotic results in the 
development of resistance in bacteria inhabiting aquaculture ponds and the outside environment. 
We apply this framework to predict the AR risks posed by the use of 12 antibiotics in intensive 
Pangasius catfish aquaculture. This study shows that most antibiotics, even when used according 
to recommendations, may increase the prevalence of AR in bacteria associated to sediments of 
aquaculture ponds. Although the framework we propose still requires field evaluations, it sets the 
ground for the inclusion of relevant AR endpoints in the prospective, screening-level risk 
assessment of aquaculture antibiotics and can be easily applied to other antibiotic pollution 
scenarios. 
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1. Introduction  
Antibiotic resistance (AR) is widely recognized as one of the major challenges facing global public 
health. The increasing prevalence of AR in hospital and community acquired infections along with 
the scarcity of new antibiotics in the drug development pipeline paint an overall worrying picture 
of our current and future ability to effectively treat bacterial infections (WHO, 2012). It has been 
clearly established that the wider environment is the ultimate reservoir of AR genes (D'Costa et 
al., 2006; D'Costa et al., 2011), and there is evidence supporting the transfer of AR genes from 
environmental bacteria to human pathogens (e.g. Olson et al., 2005; Poirel et al., 2002; Poirel et 
al., 2005). Recent research has also shown that selection of AR genes can occur at very low 
antibiotic concentrations (Gullberg et al., 2011) and that antibiotic pollution has the potential to 
increase the prevalence of AR in clinically-relevant bacteria in the environment (Tello et al., 2012). 
Aquaculture production is considered an important source of antibiotic pollution and AR genes. 
Antibiotic treatments used in aquaculture production can exert a selective pressure on bacteria 
associated with diseases of aquatic animals and on environmental bacteria exposed to antibiotic 
residues (Heuer et al., 2009; Cabello et al., 2013). Monitoring studies performed in different parts 
of the world have demonstrated that aquaculture production systems and surrounding aquatic 
environments act as a sink and source of AR genes of clinical concern (Schmidt et al., 2001; Le et 
al., 2005; Buschmann et al., 2012). In Asia - which currently supplies approximately 90% of global 
aquaculture production (FAO, 2012) - several of the major classes of antibiotics are used in inland 
aquaculture (Rico et al., 2012). Growth projections for Asian aquaculture (Bostock et al., 2010) 
and the scarce and finite nature of freshwater resources (Carpenter et al., 2011) suggest that 
freshwater aquaculture will increasingly interact with multiple users of water resources, thereby 
increasing their role as a potential source of AR with clinical relevance. Assessing the risks 
associated with antibiotic pollution and AR in aquaculture and its surrounding environment is 
therefore critical to advice sound environmental management and policy. 
Yet it is unclear whether AR in aquaculture production environments is predominantly generated 
by the spread of resistant bacteria from the fish mucus or intestines, by the selective pressure 
caused by antibiotic residues in water and sediments, or by a combination of both (Cabello et al., 
2013). In this article we build on previous research on the environmental fate of aquaculture 
antibiotics (Rico et al., 2013a) and the selective pressure of antibiotic pollution (Tello et al., 2012), 
and introduce a framework to assess and predict the development of AR in aquaculture 
production systems and their adjacent environment. The risk assessment framework is based on 
the assessment of antibiotic exposure in water and sediments, and the modeling of bacterial 
sensitivities to characterize the selective pressure of antibiotics. By mechanistically linking 
antibiotic exposure to bacterial sensitivities using probabilistic risk assessment, the method 
derives quantitative estimates of the probability that the application of a given antibiotic may 
result in the development of resistance in environmental bacteria. The framework is conceived as 
a valuable tool to perform first-tier risk assessments that enable the comparison of different 
antibiotic compounds and treatment regimes, and the identification of aquaculture and 
environmental compartments that may act as hotspots for the development of AR. As a proof of 
principle, we apply the framework to predict the development of AR associated with the use of 12 
antibiotics in Pangasius catfish (Pangasianodon hypophthalmus) farming in Vietnam.  
2. Methodology 
2.1. Antibiotic exposure assessment 
Exposure concentration distributions were modelled for 12 antibiotics used in Pangasius catfish 
production, which include antibiotics that are listed as highly important for human medicine 
(Table 1). The distributions were conservatively based on maximum 18 h-average antibiotic 
exposure concentrations over the Pangasius grow-out period and were calculated for the pond 
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water (PWCs), the pore water in the pond sediment (PSCpore water), the surface water in the effluent 
mixing area (EWCs), and the pore water in the sediment of the effluent mixing area (ESCpore water). 
The time span of 18 h was chosen in order to match the exposure period used by the bacterial 
susceptibility tests (Andrews, 2001).  
Table 1. List of antibiotics included in the present study. 
Antibiotic name Antibiotic group Mode of action a Resistance mechanism a 
Use by 
catfish 
farmers (%) b 
Important 
for human 
health? c 
Amoxicillin Penicillin Cell wall synthesis 
Reduced permeability/antibiotic 
inactivation 
19 Yes 
Ampicillin Penicillin Cell wall synthesis 
Reduced permeability/antibiotic 
inactivation 
3.1 Yes 
Cephalexin Cephalosporin Cell wall synthesis Alteration of target 16 No 
Ciprofloxacin Quinolone DNA gyrase Alteration of target 3.1 Yes 
Colistin Polymyxin 
Cytoplasmatic 
membrane 
structure 
Reduced permeability/pumping 
out of cell (efflux) 
2.3 Yes 
Doxycycline Tetracycline 
Protein synthesis  
(30S inhibitor) 
Pumping out of cell (efflux) 34 No 
Florfenicol Amphenicol 
Protein synthesis  
(50S inhibitor) 
Antibiotic inactivation 63 Nod  
Kanamycin Aminoglycoside 
Protein synthesis  
(30S inhibitor) 
Antibiotic inactivation 6.3 Yes 
Levofloxacin Quinolone DNA gyrase Alteration of target 3.1 Yes 
Rifampicin Rifamycin 
DNA-directed  
RNA polymerase 
Alteration of target 6.3 Yes 
Sulfamethoxazole Sulfonamide  
Folic acid 
metabolism 
Development of  
resistant biochemical pathway 
44 No 
Trimethoprim Sulfonamide  
Folic acid 
metabolism 
Development of  
resistant biochemical pathway 
44 No 
a Madigan et al. (2003); b Rico et al. (2013b); c WHO (2012); d Veterinary use only. 
 
Antibiotic exposure concentrations in the pond water (PWC), the effluent mixing point (EWC), and 
the pond sediment (PSC) and the environmental sediment (ESC) (sorbed fraction in dry weight 
basis) were calculated using the ERA-AQUA model (Rico et al., 2012 and 2013a). The ESC were 
modelled by implementing Equation 2 of the Supporting Information in the ERA-AQUA model, and 
assuming that concentration dynamics in the effluent mixing point are dominated by 
sorption/desorption and degradation processes. The model was run based on data on 
recommended antibiotic therapeutic dosages (Table S1), antibiotic physico-chemical properties 
(Table S2), and with the Pangasius grow-out pond scenario described in Table S3, which 
represents typical aquaculture management practices  (see Rico and Van den Brink, 2014 for a 
detailed description). In order to account for the variability of the antibiotic exposure, 1000 model 
runs were performed with time steps of 10 min, based on 1000 Monte Carlo scenario samples 
obtained by varying the six most important scenario parameters highlighted by a previous 
sensitivity analysis (see Rico et al., 2013a). The variation of these six parameters (i.e., organic 
matter fraction, water temperature, fish stocking density, fish mortality fraction, percentage of 
water discharge per event, time interval between water discharge events, and duration of the 
effluent discharge event) was done by re-sampling the data distributions shown in Rico et al. 
(2014), which were generated with literature data or with survey data on aquaculture production 
characteristics. The exposure concentration in the pore water of the pond sediment compartment 
(PSCpore water) and in the sediment of the effluent mixing area (ESCpore water) were calculated based 
on the sorbed sediment concentrations provided by the ERA-AQUA model (PSC and ESC) and 
using Equation 2 of the Supporting Information, which assumes equilibrium conditions between 
the pore water concentration and the (sorbed) sediment concentrations.  
 
Finally, a normal distribution was fitted to the log-transformed concentrations for PWCs, PSCpore 
water, EWCs and ESCpore water (i.e., 1000 samples). The fitting was performed by maximum likelihood 
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estimation of the exposure distribution parameters (mean: µlogEC, standard deviation: σlogEC) and 
their 95% confidence intervals were calculated by parametric bootstrap with 1000 resamples of 
the original dataset using the @Risk 6.0 software (Palisade corporation, Ithaca, New York, USA). 
2.2. Bacterial species sensitivity distributions 
 
Minimum Inhibitory Concentration (MIC) distributions for each of the 12 antibiotics listed in Table 
1 were obtained from the European Committee on Antimicrobial Susceptibility Testing (EUCAST) 
MIC and zone diameter distribution website (EUCAST, 2010; Kahlmeter et al., 2003). Because the 
data generated by MIC tests is interval censored, we considered the antibiotic concentration 
immediately below the median as the conservative estimation of the MIC50 for each bacterial 
species. Antibiotic concentrations greater than or equal to the MIC50 are likely to inhibit 
approximately half of the wild-type population of any given bacterial taxon and will thus – 
assuming equal growth rates of non-resistant and resistant populations – favour an increase in 
the prevalence of resistance (Tello et al., 2012). SSDs were derived using MIC50 values from the 
MIC distributions of every bacterial taxa available for each antibiotic. To minimize the lack of 
independence between individual observations, MIC50 values were aggregated within bacterial 
genera. The rationale behind including every bacterial taxon – as opposed to only those for which 
there is evidence to suggest that they may grow in the environment – is that (1) studies have 
shown that predictions based on EUCAST MIC values are within the concentrations that negatively 
affected environmental bacteria (Singer et al., 2011), and (2) the magnitude of bacterial diversity 
suggests that the sensitivity distributions of many environments are likely to encompass the range 
of sensitivities represented in the EUCAST MIC dataset.  
 
The MIC50 dataset used to derive the antibiotic SSDs consisted of 44 genera, including bacteria 
that are known to be widely distributed in the environment  (e.g. Pseudomonas spp., 
Acinetobacter spp., Burkholderia spp.), and some genera that are amongst the most common 
aquaculture fish pathogens (e.g. Escherichia spp., Salmonella spp., Streptococcus spp.) (Table S4). 
SSDs were derived for each antibiotic by fitting a normal distribution to the log-transformed 
MIC50 values. The median hazardous concentration for the 5% (HC5) and 50% (HC50) of the 
bacterial genera, and their lower (95%) and upper (5%) confidence limits, were calculated 
according to Aldenberg and Jaworska (2000). The goodness of fit of the MIC50 data to the log-
normal distribution were assessed by the Anderson–Darling  and the Kolmogorov-Smirnov tests 
(α=0.05). The calculation of the SSD parameters (mean: µlogSS, standard deviation: σlogSS), the HC5 
and HC50 values, and the goodness-of-fit tests were performed using the ETX 2.0 software (Van 
Vlaardingen et al., 2004). In order to compare the bacterial sensitivities to the different 
antibiotics, SSDs were built using molar-mass corrected log MIC50s. Statistical differences 
between the molar-mass corrected log MIC50 datasets for each antibiotic were assessed with the 
two-sided Kolmogorov-Smirnov test (α=0.05) using the GenStat 15th Edition software (VSN 
International Ltd, Hemel Hempstead, UK). 
 
2.3. Linking antibiotic exposure to bacterial resistance 
 
The link between antibiotic exposure and bacterial SSDs, and the calculation of the bacterial 
resistance risk were performed using probabilistic risk assessment. Probabilistic risk assessment is 
based on the estimation of the likelihood and extent of adverse environmental effects as a result 
of exposure to a substance by comparing an exposure concentration distribution with a SSD 
derived from a sample of toxicity data (Solomon et al., 2000). In probabilistic risk assessments the 
risk is usually represented as the overlap between the exposure concentration and the species 
sensitivity probability density functions, and such overlap is graphically represented by Joint 
Probability Curves (JPCs) (Fig. 1). The Area Under the Curve (AUC) of the JPC is used as a measure 
of risk, and can be defined as the risk of some log Exposure Concentration (EC) to exceed some 
log Species Sensitivity (SS) (Aldenberg et al., 2002; Fig. 1). 
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Figure 1. Graphical description of the fundamentals of probabilistic risk assessment. A. Example of normal log exposure 
concentration (EC) probability distribution function (scaled to the SSD), standard normal SSD cumulative distribution 
function, and calculated risk distribution. B. Corresponding Joint Probability Curve (JPC). The area under the curve of the 
JPC corresponds with the risk estimate.    
 
In this study, we define the Resistance Development Risk (RDR) as the risk that the antibiotic 
exposure exerts a selective pressure favouring the development of AR, and can be calculated as 
the probability that the antibiotic exposure distribution exceeds the bacterial MIC50 SSD. In the 
case of two independent normal distributions, this probability (i.e., area under the curve of the 
JPC) can be calculated according to Equation 1 (Aldenberg et al., 2002).  
 
 
                          (
              
√       
         
 
)                                                                                 Eq. 1                                                
 
where ø0,1(x) is the cumulative distribution function of x with mean 0 and standard deviation 1.  
The JPCs and the median RDRs were calculated for the 12 antibiotics applied in Pangasius catfish 
production in the four  compartments (i.e., pond water, pond sediment, effluent discharge point 
and environmental sediment). The JPCs were calculated according to the methods described in 
Aldenberg et al. (2002), and the RDRs by using Equation 1. The AR risk for the bacterial 
community in each  compartment was defined as high, moderate and low when the probability 
that some random selected exposure concentration resulting in AR was higher than 50% (RDR > 
50%), between 5% and 50% (5% ≥ RDR ≥ 50%), and below 5% (RDR < 5%), respectively.  
We complemented this assessment with a second estimate of the potential resistance risk posed 
by antibiotic exposure, which is more conservative than the described RDR. This second resistance 
risk estimate is based on wild-type cut-off values (COWT).  COWT values separates  wild-type (i.e., 
non-resistant) from resistant bacterial populations (Kahlmeter et al., 2003). Therefore, antibiotic 
concentrations above the COWT will increase the prevalence of resistance in the bacterial 
population to 100% (for rationale see Tello et al., 2012).  We performed a direct comparison of 
the 50th and 90th percentiles of the  antibiotic exposure concentrations in each compartment with 
the available wild-type cut-off values (COWT) of bacterial species (Table S5),  and calculated the 
percentage of bacterial COWT values that were exceeded by each of these two exposure 
concentrations.  
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3. Results and discussion 
 
3.1. Antibiotic exposure assessment 
 
Modelled antibiotic exposure concentrations in the pond water, in the effluent mixing point and 
in the sediment of the effluent mixing area ranged from few to several hundred ppbs, whereas 
concentrations in pond sediments were found to fall in the low ppm range (Table S6). Uncertainty 
in the exposure modelling may arise from the use of antibiotic physico-chemical properties (e.g. 
organic-carbon sorption coefficient, water and sediment degradation rate) from QSARs when 
experimental data was not available (see Table S2). Furthermore, environmental sediment 
concentrations were calculated based on sediment sorption from the dissolved water 
concentrations at the effluent discharge area, whereas some studies have indicated that a large 
portion of antibiotics applied to Pangasius pond effluents are discharged into the environment 
attached to particulate organic matter and result in peak exposure concentrations several meters 
down-stream the effluent discharge point (Andrieu et al., Submitted). This is also supported by 
other studies, which also found higher antibiotic concentrations in sediment samples collected 
from aquaculture drainage systems than the ones we calculated in our study  (Lalumera et al., 
2004; Le and Munekage, 2004). Therefore, the environmental sediment concentration values we 
used for the risk assessment might not reflect the worst-case exposure scenarios for 
environmental sediments. The enrofloxacin concentrations monitored in Pangasius catfish pond 
effluents during medication (0.2-3.2 µg/L) appear to correspond reasonably well with the 
exposure concentration estimated for a similar compound, ciprofloxacin, in our study: 0.4 (0.1-
1.4) µg/L (Table S6). Also, the environmental concentrations of antibiotics monitored in aquatic 
ecosystems exposed to aquaculture pollution that have been reported by other authors fall within 
the exposure concentration distributions calculated in our study (Managaki et al., 2007; Zou et al., 
2011).  
 
3.2. Bacterial resistance susceptibility  
 
The bacterial genera included in the dataset showed a large variation in antibiotic susceptibility to 
the 12 antibiotics, with MIC50s ranging from 1 ppb (for Clostridium exposed to rifampicin) to 
128,000 ppb (for Enterobacter exposed to amoxicillin). None of the bacterial genera were 
systematically found to be positioned in the lower tail of the SSDs, indicating that bacterial 
resistance susceptibilities vary between chemicals and are not consistent across antibiotic 
compounds, as was also shown by the SSD analysis performed by Tello et al. (2012). In addition, 
fish pathogenic bacterial genera (e.g. Escherichia spp., Salmonella spp., Streptococcus spp.)  did 
not show a markedly lower susceptibility when compared to other genera, suggesting that the 
development of resistance in target pathogens is likely to be accompanied by resistance in non-
target bacteria. The log-normal conformity tests (Kolmogorov-Smirnov and Anderson-Darling) of 
the SSDs were accepted for 6 out of the 12 evaluated antibiotics. However, we did not consider 
this as an obstacle to fit the data to the log-normal model. Instead, we assumed that the 
distribution of bacterial sensitivities is truly bell-shaped and that the failure of these statistical 
tests is an artifact caused by the double-dilution steps that are standardly used in the MIC tests 
(see Kahlmeter et al., 2003 and references therein). Calculated SSDs showed notable differences 
in the susceptibility of bacterial species as a whole to different antibiotics, with median HC50 
values ranging from 23.3 ppb for rifampicin to 8000 ppb for sulfamethoxazole (Table S6). Figure 2 
and the results of the two-sided Kolmogorov-Smirnov test (Table S7) show that, at the same 
exposure concentrations, the AR pressure exerted by antibiotics such as rifampicin, ciprofloxacin 
and levofloxacin, which act by inhibiting the synthesis of  RNA or DNA in bacteria (Table 1), is 
considerably higher than that of the rest of the studied antibiotics. This indicates that resistance 
susceptibility of bacteria is largely conditioned by the antibiotic’s mode of action, and that those 
antibiotics that directly affect gene replication seem to exert the highest resistance selective 
pressure.  
Chapter 9 
151 
 
 
 
Figure 2. Bacterial MIC50 Species Sensitivity Distributions for the 12 evaluated antibiotics. The distribution parameters 
are provided in Table S6. 
 
3.3. Antibiotic resistance risks 
 
The highest RDRs were calculated for the pond sediment compartment. In this compartment, high 
risks were calculated for 5 antibiotics (kanamycin > levofloxacin > florfenicol > rifampicin > 
ampicillin), and moderate risks were calculated for 4 antibiotics (ciprofloxacin > cephalexin > 
amoxicillin > trimethoprim) (Table 2; Fig. 3). The median exposure concentrations calculated for 
the sediment compartment for kanamycin, levofloxacin, florfenicol, rifampicin, ampicillin and 
ciprofloxacin were found to exceed several COWT values. The percentages of exceedance  ranged 
from 4% for ciprofloxacin to 100% for kanamycin. Moreover, percentages of exceedance were up 
to 100% for three antibiotics when the conservative 90th percentile of exposure was used (Table 
3). In the pond water compartment, the majority of the antibiotics showed low RDR values, with 
the exception of rifampicin (RDR: 28%), levofloxacin (RDR: 17%) and amoxicillin (RDR: 12%), which 
showed moderate risks (Table 2; Fig. 3). In this compartment, the median exposure levels of the 
majority of the antibiotics did not exceed the COWT values, with the exception of rifampicin. 
However, the COWT values of 5-8% of bacteria were exceeded for three antibiotics when the 90
th 
percentile of the exposure distribution was used (Table 3). The calculated RDR values for the 
evaluated antibiotics in environmental water and in environmental sediment were very low or 
insignificant (Table 2) and did not exceed any of the available bacterial COWT values (Table 3).  
The application of our modelling approach to the  Pangasius aquaculture scenario shows that 
antibiotic residues accumulated in pond sediments constitute a potential cause of antibiotic 
resistance genes in fish pathogenic bacteria and in other clinically relevant bacteria for most 
antibiotics. In addition, the residual concentrations of some antibiotics in pond water may be high 
enough to induce resistance in up to 20-30% of the exposed bacteria. High prevalence of 
(multiple) antimicrobial resistance has been monitored in fish samples collected from Pangasius 
catfish ponds and cages in the Mekong Delta (Sarter et al., 2007; Bartie et al., 2012), however, less 
effort has been put on monitoring resistance in the pond or in the surrounding environment of 
these farms. The increased levels of AR modelled in our study after antibiotic medication in 
intensive aquaculture production systems is supported by several AR monitoring studies (DePaola 
et al., 1995; Tendencia and De la Peña, 2001; Buschmann et al., 2012). These studies 
demonstrated prevalence of resistance genes in several pathogenic bacteria (e.g. Vibrio sp., 
Aeromonas sp.) isolated from samples collected in aquaculture farms and surrounding 
environments. A direct comparison of the findings of these studies with the results of our 
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modelling approach is hardly possible due to the differences in antibiotic use practices and 
monitored aquaculture species and environments, and due to other limitations inherent to the 
differences between the approach described here and the methods traditionally used in 
monitoring studies, which are discussed below.  
 
Table 2. Calculated antibiotic Resistance Development Risks (%) associated with the pond water concentration, pond 
sediment concentration, and the antibiotic concentrations in water and sediment of the effluent mixing  area.   
 
Resistance Development Risk  
 Pond water Pond sediment 
Effluent mixing area 
(water) 
Effluent mixing area 
(sediment) 
Amoxicillin 12.2 17.3 1.51 0.01 
Ampicillin 2.72 55.1 0.04 <0.01 
Cephalexin 2.77 29.9 0.03 <0.01 
Ciprofloxacin 1.00 36.5 0.01 <0.01 
Colistin 3.34 2.87 0.12 0.01 
Doxycycline 0.08 0.64 <0.01 <0.01 
Florfenicol 0.04 92.3 <0.01 <0.01 
Kanamycin 0.46 99.4 <0.01 <0.01 
Levofloxacin 17.2 95.3 0.66 0.08 
Rifampicin 27.6 85.6 1.49 0.17 
Sulfamethoxazole 0.00 0.06 <0.01 <0.01 
Trimethoprim 2.01 13.9 0.02 <0.01 
 
Table 3. Number of bacterial genera for which there are available COWT values (n), and percentage of exceedance of the 
bacterial COWT values calculated for the 50
th
 and 90
th
 percentiles of the antibiotic exposure distributions associated with 
pond water, pond sediment, and water and sediment of the effluent mixing area.  
 
n  
Pond water Pond sediment 
Effluent mixing area 
(water) 
Effluent mixing area 
(sediment) 
50th 90th 50th 90th 50th 90th 50th 90th 
Amoxicillin 18 0 0 0 17 0 0 0 0 
Ampicillin 26 0 7.7 23 100 0 0 0 0 
Cephalexin 8 0 0 0 0 0 0 0 0 
Ciprofloxacin 52 0 0 4 17 0 0 0 0 
Colistin 7 0 0 0 0 0 0 0 0 
Doxycycline 20 0 0 0 0 0 0 0 0 
Florfenicol 8 0 0 38 75 0 0 0 0 
Kanamycin 2 0 0 100 100 0 0 0 0 
Levofloxacin 44 0 4.5 95 100 0 0 0 0 
Rifampicin 12 8.3 8.3 83 83 0 0 0 0 
Sulfamethoxazole 2 0 0 0 0 0 0 0 0 
Trimethoprim 7 0 0 0 0 0 0 0 0 
 
3.4. Approach limitations and strengths 
 
The framework we propose allows a standardized assessment of the likelihood that an antibiotic 
treatment may result in the development of antibiotic resistance by effectively linking two central 
factors influencing the selection of antibiotic resistance: exposure concentration and bacterial 
susceptibility. The processes involved in the selection, maintenance and spread of antibiotic 
resistance, however, are varied and complex (Martinez, 2008) and several of them are not 
accounted for in the methodology we describe e.g., horizontal gene transfer, co and cross-
selection of antibiotic resistance genes (Miranda et al., 2013). Additionally, uncertainty in our 
results arises from the potential differences in antibiotic bioavailability between environmental 
compartments and the agar medium used in the MIC tests, and  the extrapolation of in vitro data 
to the field. Furthermore, the representativity of MIC50 SSDs derived for clinically relevant 
bacteria to assess resistance in bacteria inhabiting aquatic environments has not been evaluated. 
In this respect, laboratory and semi-field experiments (e.g. microcosms) could be used to evaluate 
the predictions made by the bacterial MIC50 SSDs. For example, Stepanauskas et al. (2006) 
exposed different species of bacterioplankton to a gradient of ampicillin concentrations using 
freshwater microcosms and demonstrated that the 85% of the bacterial isolates exposed to a 
concentration of 10 mg/L acquired resistance after an incubation period of 7 days. The fraction of 
resistant bacteria corresponding to this concentration in the ampicillin MIC50 SSD used in this 
study is 75(62-85)% (median and 95% CI), suggesting that in this case the use of the SSD concept 
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with clinically relevant bacteria offers a reasonably good estimation. However, this requires 
further investigations. Another limitation of our modelling approach relates to the fact that, in the 
environment, bacteria are likely exposed to multiple antibiotics simultaneously, in conjunction 
with other stressors such as disinfectants or heavy metals that may significantly affect the 
selection of resistance (D’Costa et al., 2006; Stepanauskas et al., 2006). In this context, and 
regarding the potential emergence of multi-drug resistance and the mobility of resistance genes 
(Cabello et al., 2013), the environmental resistance risks may even be greater than the ones 
calculated here.  
  
 
Figure 3. Joint Probability Curves for the pond water (A) and for the pond sediment (B) compartments built with the 
antibiotic exposure concentration distributions and the MIC50 Species Sensitivity Distributions. The closer to the upper 
left corner the curve is displayed, the higher the antibiotic resistance risk. 
 
Despite these apparent caveats, however, the framework we propose offers the first link between 
antibiotic use practices, predicted exposure patterns, and resistance development risks in 
aquaculture. This framework overcomes two major limitations that are often discussed in AR 
monitoring studies. One of them is the difficulty to establish a causal relationship between certain 
antibiotic use practices and the levels of monitored antibiotic resistance, frequently hampered by 
the lack of information on the exposure history of the bacterial isolates obtained from water and 
sediment samples (Le et al., 2005; Buschmann et al., 2012). Another one is the narrow view 
obtained from monitoring studies, which are able to evaluate resistance on a small proportion of 
cultivable bacteria as compared to the actual diversity of environmental bacterial (Amann et al., 
1995). We believe that the use of MIC50 SSDs based on data collated from thousands of 
worldwide sources, gives the framework a level of applicability, and our results a level of 
generalizability, that is hard to achieve by a single monitoring study. 
One of the major strengths of the proposed framework is that it takes into account a wide range 
of environmental and aquaculture factors that influence antibiotic exposure, and ultimately affect 
antibiotic resistance. Such relationships allow the study and development of a range of broad-
scale, as well as farm-scale, management options to minimize the risk of antibiotic resistance in 
aquaculture production. Regarding, for example, the calculated RDRs for antibiotics used in 
Pangasius catfish ponds, it can be concluded that risk managers should try to restrict the use of 
antibiotics for which the predicted RDRs are higher (e.g. kanamycin, levofloxacin; Table 2), and/or 
try to limit the use of antibiotics that are likely to result in a high resistance selective pressure for 
bacteria in the waters that are directly discharged into the environment from aquaculture 
facilities. At a farm-scale, the models and concepts used in this paper can be useful in evaluating 
potential impacts of different antibiotic administration regimes or aquaculture practices (e.g. 
water exchange, sediment removal). For instance, Figure 4 shows that the application of three 
consecutive florfenicol treatments (with two weeks interval) compared to one single treatment 
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might increase the risk of antibiotic resistance in pond sediments from 25% to more than 95%. 
Another advantage of this approach is the capacity to dynamically predict resistance pressure for 
non-target bacteria, as compared to the point measurements obtained from monitoring studies 
(Fig. 4). Thus, this approach can be used effectively to support decisions on relevant moments and 
compartments to be monitored in order to obtain worst-case estimates of resistance levels in the 
environment.  
 
Figure 4. Concentration dynamics of florfenicol in the pond sediment compartment, PSCpore water (line), and 
corresponding affected fraction of bacteria for which the MIC50 is exceeded (bars). The simulation was performed with 
the ERA-AQUA model using the average Pangasius catfish scenario described in Table S3 and assuming that 3 florfenicol 
treatments are applied with a time interval of 2 weeks between treatments. Each florfenicol treatment consists of 7 in-
feed applications of 10 mg/kg fish for 7 consecutive days. 
4. Conclusions 
 
The development of antibiotic resistance in aquaculture environments is an issue of concern, first 
and foremost, to aquaculture itself (Smith, 2012). Minimizing the development of resistance in 
bacterial fish pathogens is crucial for the effective treatment of diseases, and therefore essential 
for fish welfare and the economic viability of the majority of aquaculture enterprises. Moreover, 
concerns have been raised by multiple stakeholders regarding the potential human health risks 
associated with the use of antibiotics in aquaculture (FAO/OIE/WHO, 2006). Quantitative risk 
assessments on AR in aquaculture environments have been considered challenging due to the 
lack of data and methods to characterize antibiotic exposure (Miranda et al., 2013), to limitations 
regarding the extrapolation of in vitro bacterial susceptibility data to the field (Smith, 2012), and 
to the complexity of assessing gene flows between aquatic species and environmental 
compartments (Pruden et al., 2013). Despite these challenges the need to consider antibiotic 
resistance in the prospective risk assessment of human and veterinary antibiotics has received 
increasing support (Montforts, 2005; Boxall et al., 2012; Tello et al., 2012; Ashbolt et al., 2013). In 
this context, the development of methods to define exposure standards protective of background 
resistance levels and to assess antibiotic treatments regarding their resistance potential is 
urgently required.  
 
The framework we propose effectively links antibiotic use to exposure and resistance. Its 
application to the Pangasius aquaculture production scenario has shown that most antibiotics, 
even when used according to recommendations, may increase the prevalence of AR in bacteria 
associated to aquaculture ponds. Furthermore, our modelling calculations have indicated that 
sediments of intensive aquaculture earthen ponds may constitute hotspots for antibiotic 
resistance development. The suitability of the RDR approach as a prospective tool in the initial 
phase of a risk assessment provides an efficient means to benchmark multiple antibiotics and 
treatment regimes with regards to their potential to develop resistance in different 
environmental compartments. Follow-up studies based on in-situ quantification of antibiotic 
residues and antibiotic resistance genes may then be used to validate, refine and – if necessary – 
complement management actions. Importantly, the framework we propose may be used as a 
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management tool to promote the prudent use of antibiotics in aquaculture and makes a step 
forward towards the determination of safer management practices and exposure levels. 
Furthermore, this framework, with the help of appropriate exposure modelling approaches, can 
also be used to quantify resistance development risks in other antibiotic pollution scenarios such 
as waste-water treatment plants, manure amended agricultural soils or livestock farms. 
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Supporting Information 
 
The environmental sediment concentrations (ESC) were calculated by implementing Equation 1 in 
the ERA-AQUA model. The sediment-water partition coefficient (kd) and degradation rate 
coefficient in sediment (ksed) were calculated according to the methods described in Rico et al. 
(2012), assuming that the temperature and the sediment characteristics in the effluent discharge 
point were the same as in the aquaculture pond. In this study, the sediment desorption rate 
coefficient used in Equation 1 and also the one used by the ERA-AQUA model to calculate the 
pond sediment concentration (PSC) was set to 0.03 d-1 according to the average value reported by 
Birdwell et al.  (2007), because the approach used by the ERA-AQUA model (Equation 2 of 
Birdwell et al., 2007) was found to overestimate desorption rate coefficients for antibiotics with 
low Koc. 
 
    
  
  [                      ]    [        ]                                                                     Eq. 1 
 
ESC = antibiotic exposure sediment concentration in the effluent discharge point (µg kg
-1 d.w.) 
ks = first-order desorption rate coefficient (d
-1) 
kd = sediment-water partition coefficient (L kg
-1) 
EWCdiss = antibiotic dissolved concentration in water at the effluent discharge point (µg L
-1) 
ksed = first-order degradation rate coefficient in sediment (d
-1) 
 
The pore water concentration in the pond (PSCpore water) and in the environmental sediment 
(ESCpore water) compartments were calculated based on the PSC and the ESC provided by the ERA-
AQUA model and using Equation 2.  
            
        
        
                                                                                                                               Eq. 2                     
Cpore water = calculated pore water concentration (µg/L): PSCpore water or ESCpore water. 
Csorbed = calculated sediment concentration (µg/kg d.w.): PSC or ESC. 
Koc = organic carbon sorption coefficient of the antibiotic (L/kg) 
foc = fraction of organic carbon in sediment (-) 
 
Table S1. Antibiotic treatment dose and duration used in the exposure assessment. The data is based on the 
recommended antibiotic treatments reported by Rico et al. (2013a). 
Antibiotic Treatment dose and duration 
Amoxicillin 50 mg/kg body weight, daily for 5 days 
Ampicillin 50 mg/kg body weight,  daily for 5 days 
Cephalexin 50 mg/kg body weight,  daily for 5 days 
Ciprofloxacin 10 mg/kg body weight,  daily for 7 days 
Colistin 10 mg/kg body weight,  daily for 7 days 
Doxycycline 10 mg/kg body weight,  daily for 5 days 
Florfenicol 10 mg/kg body weight,  daily for 7 days 
Kanamycin 50 mg/kg body weight,  daily for 7 days 
Levofloxacin 10 mg/kg body weight,  daily for 7 days 
Rifampicin 10 mg/kg body weight,  daily for 7 days 
Sulfamethoxazole 50 mg/kg body weight,  daily for 7 days 
Trimethoprim 10 mg/kg body weight,  daily for 7 days 
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Table S2. Physico-chemical and pharmacokinetic properties used to perform the ERA-AQUA model simulations. For data selection methods see Rico et al. (2014). 
    Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline  
M g/mol 3.65E+02 FOOTPRINT (2012) 3.49E+02 FOOTPRINT (2012) 3.47E+02 FOOTPRINT (2012) 3.31E+02 FOOTPRINT (2012) 8.13E+02 FOOTPRINT (2012) 4.44E+02 FOOTPRINT (2012) 
kow (-) 7.41E+00 FOOTPRINT (2012) 2.24E+01 FOOTPRINT (2012) 4.47E+00 FOOTPRINT (2012) 1.07E+01 FOOTPRINT (2012) 3.98E-03 FOOTPRINT (2012) 9.55E-01 FOOTPRINT (2012) 
koc  L/kg 8.66E+02 FOOTPRINT (2012) 8.51E+01 Kim et al. (2009) 6.63E+02 US EPA (2012) 6.10E+03 FOOTPRINT (2012) 3.54E+04 FOOTPRINT (2012) 7.28E+03 FOOTPRINT (2012) 
SOL (Tref)  mg/L 3.43E+03 FOOTPRINT (2012) 1.01E+04 FOOTPRINT (2012) 1.79E+03 FOOTPRINT (2012) 3.00E+03 FOOTPRINT (2012) 5.64E+03 FOOTPRINT (2012) 6.30E+02 FOOTPRINT (2012) 
TrefSOL  °C 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 
ΔHSOL  J/mol 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 
VP(Tref)  mPa 6.24E-12 FOOTPRINT (2012) 1.16E-14 FOOTPRINT (2012) 4.31E-10 FOOTPRINT (2012) 2.19E-07 FOOTPRINT (2012) 9.19E-20 FOOTPRINT (2012) 1.89E-18 FOOTPRINT (2012) 
TrefVP °C 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 
ΔHp J/mol 1.14E+05 FOOTPRINT (2012) 1.05E+05 FOOTPRINT (2012) 9.70E+04 FOOTPRINT (2012) 9.15E+04 Rico et al. (2012b) 9.70E+04 Rico et al. (2012b) 1.06E+05 Rico et al. (2012b) 
DT50water  d 3.00E+00 Lee et al. (2008) 3.75E+01 US EPA (2012) 3.75E+01 US EPA (2012) 5.00E-02 Cardoza et al. (2004) 1.80E+02 US EPA (2012) 3.56E+00 Sanderson et al. (2005) 
Trefw  °C 2.44E+01 Lee et al. (2008) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 1.79E+01 Cardoza et al. (2004) 2.50E+01 US EPA (2012) 1.90E+01 Sanderson et al. (2005) 
DT50sediment  d 2.30E-01 FOOTPRINT (2012) 3.50E+00 Maki et al. (2006) 3.38E+02 US EPA (2012) 5.42E+02 US EPA (2012) 1.62E+03 US EPA (2012) 5.00E+00 Maki et al. (2006) 
Trefs  °C 2.00E+01 FOOTPRINT (2012) 1.90E+01 Maki et al. (2006) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.00E+01 Maki et al. (2006) 
E  J/mol 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 
Fish 
BioT1/2(Mref,Tref) d 1.79E+00 B 1.79E+00 B 1.13E+01 C 7.86E+00 A 1.13E+01 C 1.48E+01 A 
 
    Florfenicol Kanamycin Levofloxacin   Rifampicin  Sulfamethoxazole  Trimethoprim  
M g/mol 3.58E+02 FOOTPRINT (2012) 4.85E+02 FOOTPRINT (2012) 3.61E+02 FOOTPRINT (2012) 8.23E+02 US EPA (2012) 2.53E+02 PEIAR Database (2012) 2.90E+02 FOOTPRINT (2012) 
kow (-) 1.10E+00 Kim et al. (2009) 2.00E-07 FOOTPRINT (2012) 1.26E+02 FOOTPRINT (2012) 1.74E+04 US EPA (2012) 7.76E+01 Kim et al. (2009) 8.13E+00 FOOTPRINT (2012) 
koc  L/kg 3.80E+01 FOOTPRINT (2012) 1.00E+01 US EPA (2012) 4.44E+01 US EPA (2012) 6.92E+02 US EPA (2012) 1.86E+03 Kim et al. (2009) 2.84E+03 FOOTPRINT (2012) 
SOL (Tref)  mg/L 1.32E+03 FOOTPRINT (2012) 1.00E+06 FOOTPRINT (2012) 6.76E+05 US EPA (2012) 1.40E+03 US EPA (2012) 6.10E+02 FOOTPRINT (2012) 1.82E+04 FOOTPRINT (2012) 
TrefSOL  °C 2.00E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 3.70E+01 FOOTPRINT (2012) 2.00E+01 FOOTPRINT (2012) 
ΔHSOL  J/mol 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 2.50E+04 Rico et al. (2012b) 
VP(Tref)  mPa 5.54E-20 FOOTPRINT (2012) 4.39E-18 FOOTPRINT (2012) 2.37E-17 US EPA (2012) 3.99E-38 US EPA (2012) 2.49E-13 FOOTPRINT (2012) 1.31E-03 FOOTPRINT (2012) 
TrefVP °C 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.50E+01 FOOTPRINT (2012) 2.50E+01 FOOTPRINT (2012) 
ΔHp J/mol 9.63E+04 Rico et al. (2012b) 9.70E+04 Rico et al. (2012b) 9.01E+04 FOOTPRINT (2012) 9.70E+04 Rico et al. (2012b) 7.47E+04 FOOTPRINT (2012) 8.00E+04 Rico et al. (2012b) 
DT50water  d 3.45E+01 SPAH Schering-Plough Animal Health (2004) 8.70E+00 US EPA (2012) 6.00E+01 US EPA (2012) 1.80E+02 US EPA (2012) 1.90E+01 Lam et al. (2004)  5.70E+00 Lam et al. (2004)  
Trefw  °C 2.20E+01 SPAH Schering-Plough Animal Health (2004) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.00E+01 Lam et al. (2004)  2.00E+01 Lam et al. (2004)  
DT50sediment  d 2.72E+01 SPAH Schering-Plough Animal Health (2004) 7.79E+01 US EPA (2012) 5.42E+02 US EPA (2012) 1.62E+03 US EPA (2012) 2.00E+00 Liu et al. (2010) 1.10E+02 FOOTPRINT (2012) 
Trefs  °C 2.20E+01 SPAH Schering-Plough Animal Health (2004) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.50E+01 US EPA (2012) 2.50E+01 Liu et al. (2010) 2.00E+01 FOOTPRINT (2012) 
E  J/mol 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 6.54E+04 Rico et al. (2012b) 
Fish 
BioT1/2(Mref,Tref) d 3.61E+00 A 1.13E+01 C 7.86E+00 A 1.13E+01 C 6.83E+00 A 1.22E+01 A 
M: Relative molecular mass of the substance; kow: Octanol/water partition coefficient of the substance; koc: Sorption coefficient of the substance on organic carbon; SOL (Tref) : Solubility of the substance in water at reference temperature; TrefSOL: Reference temperature at which SOL(Tref) was 
determined; ΔHSOL: Enthalpy of dissolution; VP(Tref): Saturated vapour pressure of the substance at reference temperature; TrefVP: Reference temperature at which VP(Tref) was determined; ΔHp: Enthalpy of vaporization; DT50water: Half-life degradation of the substance in water; Trefw: Reference 
temperature at which DT50water was determined; DT50sediment: Half-life degradation of the substance in sediment; Trefs: Reference temperature at which DT50sediment was determined; E: Molar Arrhenius activation energy; Fish BioT1/2(Mref,Tref): Biological half-life of the drug in the cultured species (fish) 
(Mref: 0.1 kg,Tref: 20°C), A = ninety percentile of the data distribution derived for the given chemical class in the aquaculture species group. More than  4 data points were available; B = maximum value for the specific chemical class in the aquaculture species group. Less than 4 data points were 
available; C = ninety percentile of the overall data distribution for all chemical classes for fish. For a detailed description of the pharmacokinetic data sources and rationale see Rico and Van den Brink (2014).  
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Table S3. Parameters of the aquaculture pond scenario used to perform the ERA-AQUA model simulations. For a description of the data sources see Rico and Van den Brink (2014). 
Scenario Parameters Value Data source Remarks 
Duration of the culture cycle (d) 216 SEAT project database Mean value of data distribution (n = 211) 
Aquaculture pond 
   
Pond area (m
2
) 4437 SEAT project database Mean value of data distribution (n = 212) 
Pond water depth (m) 4.08 SEAT project database Mean value of data distribution (n = 212) 
Mass concentration of suspended solids in pond water (mg/L) 63.0 Giang et al. (2008) Based on a study on water quality conducted in 64 intensive catfish ponds in the Mekong Delta (Vietnam). 
Mass fraction of organic matter in suspended solids (-) 0.5 Assumption 
 
Top sediment layer depth (m) 0.1 Assumption 
 
Mass fraction of organic matter in sediment (-) 0.09 ± 0.02 Boyd et al. (1994) 
Based on a distribution built for organic carbon content with 358 soil samples from freshwater ponds. The value chosen was 
5% of carbon content, based on the approximate 75th percentile of the distribution considering the high intensity of the 
Pangasius production. The standard deviation was chosen based on the organic content measured in shrimp ponds by Boyd et 
al. (1992) (mean: 0.0862; SD: 0.0228) 
Sediment porosity (v/v) 0.51 Egna and Boyd (1997) Based on the sediment porosity values proposed for a silty clay sediment texture by Egna and Boyd (1997) 
Sediment bulk density (kg/L) 0.76 Boyd (1995) Based on the averaged bulk density of the 0-15 cm top sediment layer of 22-year-old fish pond 
Average water temperature (°C) 28.0 ± 4.2 WMO (2013) Based on monthly averages for a 30-year period from the station of Ho Chi Min (mean: 28.0; SD: 4.2) 
Average percolation rate (mm/d) 0.87 Nhan et al. (2008) 
 
Average rainfall rate (mm/d) 5.36 WMO (2013) Based on monthly averages for a 30-year period from the station of Ho Chi Min  
Average evaporation rate (mm/d) 4.50 Nhan et al. (2008) 
 
Cultured species characteristics 
   
Organism weight at stocking (g) 19.1 SEAT project database Mean value of data distribution (n = 176) 
Organism weight at harvest (g) 981 SEAT project database Mean value of data distribution (n = 172) 
Maximum organism weight (g) 1010 Assumption Parameter calculated for the calibration of the growth sub-model of the ERA-AQUA model 
Cultured species density at stocking (g/m2) 792 ± 353 SEAT project database Mean value and SD of data distribution (n = 200) 
Lipid fraction of cultured organisms (-) 0.03 Ho and Paul (2009) 
 
Mortality fraction  during the culture period (-) 0.24 ± 0.11 SEAT project database Mean value and SD of data distribution (n = 181) 
Feed input to the cultured species 
   
Daily specific feeding rate (SFR) (kg food/kg cultured species · d) 0.06 Phan et al. (2009) 
 
Organism's weight at which SFR was determined (g cultured species) 78.0 Phan et al. (2009) 
 
Lipid fraction of feed (-) 0.06 Boyd (1995) 
 
Feed conversion ratio in the cultured species (kg food/kg cultured 
species) 
1.69 Phan et al. (2009) 
 
Fraction of eaten feed (-) 0.95 Boyd (1995) 
 
Effluent discharge management 
   
Water discharge per event (%) 36.2 ± 16.2 SEAT project database Mean value and SD of data distribution (n = 199) 
Time interval between discharge events (d)  1.00 ± 0.14 SEAT project database Mean value and SD of data distribution (n = 211) 
Duration of the effluent discharge event (h) 6.48 ± 3.05 SEAT project database Mean value and SD of data distribution (n = 32) 
Effluent dilution factor 10 Assumption  
1
5
8
 
 
 159 
 
Table S4. Bacterial genera MIC50 values (ppb) used to build the Species Sensitivity Distributions.   
Bacterial genera Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline Florfenicol Kanamycin Levofloxacin Rifampicin Sulfamethoxazole Trimethoprim 
Acinetobacter - 16000 - 125 375 64 - - 95 - - 4000 
Alcaligenes - - - 2000 - - - - - - - - 
Anaerobic cocci gram negative 32 - - - - - - - - - - - 
Bacteroides 16000 16000 - 4000 - - - - 1000 - - - 
Bifidobacterium - 125 - - - - - - - - - - 
Burkholderia - - - 2000 - - - - 1000 - - - 
Campylobacter 3000 1750 - 64 - 2125 500 - - - - - 
Chryseobacterium - - - 1250 - - - - - - - - 
Citrobacter 64000 16000 - 16 125 1000 - - 48 - 8000 125 
Clostridium 266 - - 250 - - - - - 1 - - 
Corynebacterium - - - 16000 - - - - - 6 - - 
Enterobacter 128000 16000 16000 16 250 1000 - 1500 32 - 8000 250 
Enterococcus - 750 - 750 - 6000 1500 - 1500 500 - - 
Escherichia 4000 2000 2000 8 250 2000 2000 2000 16 - 8000 250 
Fusobacterium 32 - - - - - - - - - - - 
Hafnia - 8000 - 16 - - - - - - - - 
Heamophilus 188 188 8000 6 - - - - 8 125 - 64 
Helicobacter 8 - - 64 - - - - 125 125 - - 
Klebsiella 64000 16000 2000 16 250 500 - 1000 32 - 16000 250 
Kluyvera - 6000 - 8 - - - - - - - - 
Legionella 1000 500 - - - 2000 - - 4 8 - - 
Listeria - 250 - 500 - - - 1000 500 - 16000 64 
Mannheima 125 - - - - - 500 - - - - - 
Mannheimia - - - - - - - - - - - - 
Moraxella 8000 2000 - 16 - 250 - - 16 - - 8000 
Morganella 64000 - 64000 8 64000 2000 - - 32 - - 2000 
Mycobacterium - - - 250 - 2000 - 1000 125 125 - - 
Neisseria 64 157 375 3 - - - - 4 8 - - 
Pasteurella 125 125 - 8 - 125 250 4000 - - - - 
Peptostreptococcus - - - 250 - - - - 500 - - - 
Porphyromonas 32 - - - - - - - - - - - 
Prevotella 500 - - - - - - - 500 - - - 
Propionibacterium 32 - - - - - - - - - - - 
Proteus 500 16000 34000 16 64000 4000 - 4000 32 - - 1500 
Providencia - 12000 - 512 - - - - - - - - 
Pseudomonas - - - 95 500 - - 32000 1125 - - - 
Raoultella - 8000 - 8 125 - - - - - - - 
Salmonella 500 1000 - 16 500 1000 2000 1250 32 - 16000 250 
Serratia 36000 16000 - 64 40000 4000 2000 - 125 - - 3000 
Shigella - 16000 - - - - - - - - - - 
Staphylococcus - 1000 1500 219 - 157 1500 1000 750 8 8000 32250 
Stenotrophomonas - 16000 - 1000 4000 1000 - - 500 - - - 
Streptococcus 16 79 500 500 - 95 - - 500 16 1000 1063 
Yersinia - 32000 - 24 - 500 - - 16 - - 500 
 
1
5
9
 
 
  
160 
 
Table S5. COWT values (ppb) for the 12 evaluated antibiotics.  
Bacteria species Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline Florfenicol Kanamycin Levofloxacin Rifampicin Sulfamethoxazole Trimethoprim 
Acinetobacter anitratus - - - 1000 - - - - 500 - - - 
Acinetobacter baumannii - - - 1000 - - - - 500 - - - 
Acinetobacter calcoaceticus - - - 1000 - - - - - - - - 
Acinetobacter lwoffii - - - 1000 - - - - 500 - - - 
Acinetobacter spp - - - 1000 - - - - 500 - - - 
Campylobacter coli 8000 8000 - 500 - 1000 4000 - - - - - 
Campylobacter jejuni 16000 8000 - 500 - 500 4000 - - - - - 
Citrobacter freundii - 8000 - - - 8000 - - - - - - 
Citrobacter spp - - - 125 - - - - 125 - - - 
Clostridium difficile - - - - - - - - - 4 - - 
Enterobacter aerogenes - - - 125 2000 8000 - - - - - - 
Enterobacter cloacae - - - 125 2000 8000 - - - - - - 
Enterobacter spp - - 16000 125 - 8000 - - 250 - - - 
Enterococcus avium - 4000 - - - - - - - - - - 
Enterococcus casseliflavus - 4000 - - - - - - - - - - 
Enterococcus faecalis - 4000 - 4000 - 500 8000 - 4000 4000 - - 
Enterococcus faecium - 4000 - 4000 - 500 8000 - 4000 - - - 
Enterococcus gallinarum - 4000 - - - - - - - - - - 
Escherichia coli 8000 8000 16000 64 2000 4000 16000 8000 250 - 64000 2000 
Haemophilus influenzae 2000 1000 64000 64 - - - - 64 1000 - 500 
Haemophilus parainfluenzae 1000 - - 64 - - - - 64 - - - 
Hafnia alvei - - - 125 - - - - - - - - 
Helicobacter pylori 125 - - 500 - - - - 500 - - - 
Klebsiella oxytoca - 8000 - 125 2000 4000 - - 250 - - - 
Klebsiella pneumoniae - 8000 - 125 2000 4000 - - 250 - - - 
Klebsiella spp - 8000 16000 125 - - - - 250 - - - 
Listeria monocytogenes - 1000 - - - - - - - - - - 
Mannheimia haemolytica 500 - - - - - - - - - - - 
Moraxella catarrhalis 125 125 - 125 - 1000 - - 125 - - - 
Morganella morganii 8000 - 16000 125 - 8000 - - 250 - - - 
Neisseria gonorrhoeae - - - 16 - - - - 16 - - - 
Neisseria meningitidis - - - 16 - - - - 32 - - - 
Pasteurella multocida 1000 1000 - 64 - 1000 1000 - - - - - 
Proteus mirabilis 2000 8000 16000 64 - - - - 250 - - - 
Proteus spp - - - - - - - - 250 - - - 
Proteus vulgaris - - 16000 64 - - - - 250 - - - 
Pseudomonas aeruginosa - - - 500 4000 - - - 2000 - - - 
Salmonella enteritidis - 8000 - - - - - - - - - - 
Salmonella paratyphi - 8000 - - - - - - - - - - 
Salmonella spp 4000 8000 - - 2000 8000 16000 - 250 - - 2000 
Salmonella typhi - 8000 - - - - - - - - - - 
Salmonella typhimurium - 8000 - - - - - - - - - - 
Serratia spp - - - 64 - - - - 500 - - - 
Shigella flexneri - 8000 - - - - - - - - - - 
Shigella sonnei - 8000 - - - - - - - - - - 
Staphylococcus aureus - - 8000 1000 - 500 8000 8000 1000 32 128000 2000 
Staphylococcus aureus MRSA - - - - - - - - - 32 - 2000 
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Table S5. Continued. 
Bacteria species Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline Florfenicol Kanamycin Levofloxacin Rifampicin Sulfamethoxazole Trimethoprim 
Acinetobacter anitratus - - - 1000 - - - - 500 - - - 
Staphylococcus capitis - - - 1000 - - - - 500 - - - 
Staphylococcus coagulase negative - - - 1000 - - - - 500 64 - - 
Staphylococcus coagulase negative MRSE - - - - - - - - - 64 - - 
Staphylococcus cohnii - - - 1000 - - - - - - - - 
Staphylococcus epidermidis - - - 1000 - - - - 500 64 - - 
Staphylococcus epidermidis MSSE - - - - - - - - - 64 - - 
Staphylococcus haemolyticus - - - 1000 - - - - 500 64 - - 
Staphylococcus hominis - - - 1000 - - - - 500 - - - 
Staphylococcus intermedius - - - 1000 - - - - - - - - 
Staphylococcus lugdunensis - - - 1000 - - - - - - - - 
Staphylococcus saprophyticus - - - 1000 - - - - 500 - - - 
Staphylococcus sciuri - - - 1000 - - - - - - - - 
Staphylococcus simulans - - - 1000 - - - - - - - - 
Staphylococcus warneri - - - 1000 - - - - 500 - - - 
Stenotrophomonas maltophilia - - - - - 8000 - - - - - - 
Streptococcus agalactiae 250 250 - 2000 - - - - 2000 - - - 
Streptococcus anginosus 250 - - - - - - - - - - - 
Streptococcus bovis - - - - - - - - 2000 - - - 
Streptococcus group C - - - 2000 - - - - 1000 - - - 
Streptococcus group G 64 - - 2000 - - - - 1000 - - - 
Streptococcus intermedius - - - 2000 - - - - - - - - 
Streptococcus milleri - - - 2000 - - - - - - - - 
Streptococcus mitis - - - 4000 - - - - 2000 - - - 
Streptococcus oralis 125 - - - - - - - 2000 - - - 
Streptococcus pneumoniae 64 64 - 2000 - 500 - - 2000 125 - - 
Streptococcus pyogenes 64 - - 1000 - 500 - - 2000 - - - 
Streptococcus sanguinis - - - - - - - - 2000 - - - 
Streptococcus, viridans group - - - - - - - - 2000 - - - 
Yersinia enterocolitica - - - 250 - 2000 - - 125 - - 4000 
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Table S6. Calculated parameters of the antibiotic exposure distributions and bacterial Species Sensitivity Distributions. Concentrations are expressed in ppbs with their 95% confidence intervals 
between brackets. The PSC and the ESC refer here to (sorbed) sediment concentrations in µg/kg d.w. 
  Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline Florfenicol Kanamycin Levofloxacin Rifampicin Sulfamethoxazole Trimethoprim 
Exposure 
concentration 
distributions 
  
          
PWC   
          
µlogEC 1.30 (1.27-1.32) 1.65 (1.62-1.67) 1.92 (1.90-1.95) -0.43(-0.45--0.41) 1.05 (1.02-1.07) 0.76 (0.73-0.78) 1.26 (1.24-1.29) 1.76 (1.74-1.79) 1.15 (1.13-1.18) 0.85 (0.84-0.87) 1.64 (1.61-1.66) 1.09 (1.07-1.11) 
σlogEC 0.35 (0.34-0.37) 0.37 (0.35-0.38) 0.39 (0.37-0.40) 0.34 (0.32-0.36) 0.35 (0.34-0.37) 0.36 (0.34-0.37) 0.38 (0.37-0.40) 0.36 (0.35-0.38) 0.38 (0.36-0.40) 0.24 (0.23-0.25) 0.34 (0.32-0.35) 0.35 (0.34-0.37) 
50th percentile 19.8 (18.8-20.8) 44.2 (41.9-46.6) 84.0 (79.3-88.7) 0.37 (0.35-0.39) 11.1 (10.6-11.7) 5.70 (5.41-5.99) 18.4 (17.4-19.4) 58.0 (55.0-61.1) 14.3 (13.5-15.1) 7.13 (6.89-7.38) 43.3 (41.2-45.4) 12.3 (11.7-12.9) 
90th percentile 56.1 (53.3-59.0) 131 (124-138) 263 (245-279) 1.02 (0.97-1.07) 31.5 (30.0-33.1) 16.26 (15.43-17.11) 56.9 (53.9-60.2) 170 (161-179) 43.6 (41.2-46.0) 14.2 (13.9-14.9) 117 (111-123) 35.0 (33.2-36.7) 
PSC   
          µlogEC 3.21 (3.19-3.24) 4.15 (4.13-4.18) 4.66 (4.64-4.68) 4.06 (4.04-4.08) 4.20 (4.18-4.22) 3.75 (3.73-3.77) 3.97 (3.95-3.99) 4.49 (4.47-4.51) 3.79 (3.76-3.81) 3.86 (3.83-3.88) 4.14 (4.12-4.16) 4.07 (4.04-4.09) 
σlogEC 0.35 (0.34-0.37) 0.34 (0.33-0.36) 0.33 (0.32-0.35) 0.33 (0.32-0.34) 0.33 (0.32-0.35) 0.34 (0.33-0.36) 0.33 (0.31-0.34) 0.33 (0.32-0.35) 0.33 (0.32-0.35) 0.33 (0.31-0.34) 0.33 (0.31-0.34) 0.33 (0.31-0.34) 
50th percentile 1637 (1555-1722) 14285 (13586-15007) 45772 (43591-48017) 11500 (10957-12055) 15959 (15198-16738) 5580 (5310-5858) 9313 (8877-9761) 30697 (29241-32196) 6102 (5813-6399) 7161 (6826-7506) 13852 (13210-14514) 11614 (11069-12176) 
90th percentile 4455 (4221-4897) 39423 (37493-41414) 122859 (117005-128886) 30478 (29039-91951) 42722 (40687-44808) 15247 (14507-16007) 24508 (23363-25687) 81935 (78049-85935) 16279 (15507-17069) 18868 (17986-19776) 36270 (34589-38005) 30737 (29292-32222) 
EWC   
          µlogEC -0.11 (-0.13--0.08) 0.22 (0.19-0.25) 0.48 (0.45-0.51) -2.08 (-2.11--2.05) -0.39 (-0.42--0.37) -0.67 (-0.69--0.64) -0.17 (-0.20--0.15) 0.33 (0.31-0.36) -0.28 (-0.31--0.25) -0.57 (-0.59--0.55) 0.22 (0.19-0.24) -0.35 (-0.37--0.32) 
σlogEC 0.41 (0.39-0.42) 0.43 (0.41-0.45) 0.45 (0.43-0.47) 0.45 (0.43-0.47) 0.43 (0.41-0.45) 0.43 (0.41-0.44) 0.44 (0.42-0.46) 0.42 (0.40-0.44) 0.44 (0.42-0.46) 0.32 (0.30-0.33) 0.41 (0.39-0.43) 0.42 (0.40-0.44) 
50th percentile 0.78 (0.74-0.83) 1.66 (1.56-1.77) 3.03 (2.84-3.23) 0.01 (0.01-0.01) 0.40 (0.38-0.43) 0.22 (0.20-0.23) 0.67 (0.63-0.71) 2.15 (2.03-2.29) 0.53 (0.49-0.56) 0.27 (0.26-0.28) 1.65 (1.55-1.75) 0.45 (0.42-0.48) 
90th percentile 2.61 (2.45-2.76) 5.92 (5.56-6.30) 11.4 (10.6-12.1) 0.03 (0.03-0.03) 1.45 (1.36-1.54) 0.76 (0.71-0.81) 2.45 (2.30-2.61) 7.50 (7.05-7.97) 1.95 (1.83-2.08) 0.68 (0.65-0.72) 5.53 (5.21-5.87) 1.57 (1.48-1.67) 
ESC   
          µlogEC -0.55 (-0.58--0.53) -0.50 (-0.53--0.47) 1.35 (1.32-1.38) -0.37 (-0.40--0.34) 2.11 (2.08-2.13) 0.52 (0.49-0.55) -0.75 (-0.78--0.72) -0.73 (-0.76--0.70) -0.57 (-0.60--0.54) 0.26 (0.24-0.28) 0.72 (0.69-0.75) 1.02 (0.99-1.05) 
σlogEC 0.41 (0.39-0.43) 0.44 (0.42-0.46) 0.46 (0.44-0.48) 0.49 (0.47-0.51) 0.44 (0.42-0.46) 0.45 (0.43-0.47) 0.46 (0.44-0.48) 0.45 (0.43-0.47) 0.47 (0.45-0.49) 0.35 (0.33-0.36) 0.41 (0.40-0.43) 0.45 (0.43-0.47) 
50th percentile 0.28 (0.26-0.30) 0.32 (0.30-0.34) 22.4 (20.9-23.9) 0.40 (0.40-0.46) 127 (120-136) 3.32 (3.11-3.54) 0.18 (0.17-0.19) 0.19 (0.17-0.20) 0.27 (0.25-0.29) 1.83 (1.74-1.92) 5.26 (4.95-5.58) 10.5 (9.82-11.18) 
90th percentile 0.94 (0.89-1.00) 1.16 (1.09-1.24) 87.3 (81.6-93.3) 1.79 (1.67-1.92) 463 (435-493) 12.5 (11.7-13.3) 0.69 (0.64-0.74) 0.71 (0.67-0.76) 1.07 (1.00-1.15) 5.10 (4.85-5.36) 17.8 (16.8-18.9) 39.7 (37.2-42.3) 
Species 
sensitivity 
distributions 
  
          
Number of 
genera 
24 27 9 34 12 19 8 10 26 10 8 15 
µlogSS 2.88 (2.42-3.34) 3.42 (3.14-3.70) 3.61 (3.12-4.10) 1.94 (1.66-2.22) 3.10 (2.55-3.65) 2.91 (2.68-3.15) 3.00 (2.77-3.24) 3.33 (3.05-3.60) 1.99 (1.72-2.26) 1.37 (0.88-1.85) 3.90 (3.64-4.17) 2.87 (2.51-3.23) 
σlogSS 1.33 (0.95-1.72) 0.85 (0.62-1.09) 0.79 (0.43-1.18) 0.96 (0.73-1.19) 1.06 (0.63-1.51) 0.58 (0.39-0.78) 0.35 (0.17-0.54) 0.48 (0.26-0.71) 0.80 (0.58-1.03) 0.83 (0.46-1.23) 0.39 (0.19-0.60) 0.79 (0.51-1.08) 
median HC5 4.87 (0.69-19.4) 103 (32.1-239) 182 (16.4-673) 2.23 (0.71-5.27) 20.0 (1.55-93.1) 86.6 (31.6-172) 250 (75.5-465) 329 (87.4-698) 4.55 (1.47-10.2) 0.89 (0.09-3.31) 1681 (443-3353) 34.5 (6.90-96.8) 
median HC50 764 (264-2207) 2639 (1391-5006) 4080 (1320-12611) 87.9 (46.2-167) 1253 (352-4455) 822 (481-1404) 1015 (588-1752) 2130 (1127-4023) 98.2 (52.9-182) 23.3 (7.67-71.1) 8000 (4356-14692) 735 (321-1681) 
Kolmogorov 
Smirnov Test 
Accepted Rejected Accepted Rejected Rejected Accepted Rejected Accepted Rejected Accepted Rejected Accepted 
Anderson 
Darling Test 
Accepted Rejected Accepted Rejected Rejected Accepted Rejected Rejected Accepted Accepted Rejected Accepted 
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Table S7. Results of the two-sided Kolmogorov-Smirnov test (α=0.05) performed to compare bacterial MIC50 species sensitivity distribution between antibiotics. The results are expressed as p-values. 
A p-value below 0.05 (marked in bold) denotes statistical differences between the evaluated distributions.  
 
Amoxicillin Ampicillin Cephalexin Ciprofloxacin Colistin Doxycycline Florfenicol Kanamycin Levofloxacin Rifampicin Sulfamethoxazole Trimethoprim 
Amoxicillin                       
Ampicillin 0.036 
 
                    
Cephalexin 0.054 0.310 
 
                  
Ciprofloxacin 0.027 <0.001 <0.001 
 
                
Colistin 0.256 0.038 0.010 0.007 
 
              
Doxycycline 0.165 0.002 0.042 0.004 0.091 
 
            
Florfenicol 0.080 0.013 0.023 0.007 0.060 0.460 
 
          
Kanamycin 0.008 0.078 0.259 <0.001 0.008 0.169 0.287 
 
        
Levofloxacin 0.030 <0.001 <0.001 0.271 0.030 0.007 0.003 <0.001 
 
      
Rifampicin 0.005 <0.001 <0.001 0.091 <0.001 <0.001 <0.001 <0.001 0.034 
 
    
Sulfamethoxazole 0.009 0.067 0.083 <0.001 0.014 <0.001 0.002 0.005 <0.001 <0.001 
 
  
Trimethoprim 0.208 0.057 0.086 0.003 0.301 0.464 0.296 0.033 0.012 <0.001 <0.001 
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Chapter 10 
 
 
General discussion and conclusions 
 
 
With the increasing worldwide demand for seafood products and the decline of fishery stocks 
(Naylor et al., 2000), Asian aquaculture has been immersed into decades of fast-paced growth 
(Bostock et al., 2010). The growth and expansion of the Asian aquaculture sector is accompanied 
by an increasing demand to produce new species and to intensify its production. In a context of 
production diversification and intensification, aquatic disease management has become one of 
the major challenges to the development of the industry, and chemotherapy has played a 
fundamental role in reducing mortality rates and in maintaining a good health status in the 
cultured animals (Bondad-Reantaso et al., 2005).  
 
Residues of veterinary medicines applied in aquaculture production may enter the environment 
by several routes including effluent discharges, leaching from medicated feeds, excretion from 
treated animals (Boxall et al., 2004; Kümerer, 2009), and due to inappropriate disposal of 
chemical containers. Environmental pollution with aquaculture medicines is often regarded by 
Asian producers as a less relevant issue compared to other negative problems such as food safety 
issues, occupational health hazards or the development of antimicrobial resistance (e.g. Somga et 
al., 2012; Yuan and Chen, 2012). However, environmental contamination with veterinary 
medicines may lead to biodiversity loss and may be the cause of water quality problems that may 
in turn lead to increased animal mortalities and unaffordable economic losses. Research 
dedicated to assess and to minimize their environmental risks is urgently required in order to 
support the sustainability of Asian aquaculture production, and to protect biodiversity and 
important ecosystem services provided by surrounding aquatic ecosystems (e.g. organic matter 
decomposition, nutrient cycling).  
 
The Environmental Risk Assessment (ERA) of aquaculture medicines is a rather unexplored field 
that has hardly looked beyond the environmental impacts caused by some chemotherapeutic 
agents applied in the salmon industry (e.g. Haya et al., 2005; Burridge et al., 2010). The general 
aim of this thesis was to increase our understanding on the potential environmental risks posed 
by the use of aquaculture medicines in Asia. Building the foundations of this research area for the 
Asian continent required a first evaluation of local chemical use and production practices as well 
as the development of basic tools to facilitate preliminary risk assessments. The work carried out 
within this thesis has been pioneer in assessing the ecological risks of aquaculture medicines used 
in a selected group of species and countries with major export potential, and in monitoring 
exposure and effects of common aquaculture antibiotics for tropical aquatic ecosystems. 
However, given the diversity and the extension of the Asian aquaculture production sector, it is 
evident that much still remains to be done. This section discusses the results of this thesis in light 
of the research objectives proposed in Chapter 1, and highlights further research needs to 
improve the scientific knowledge and methods that underpin the ERA of veterinary medicines in 
Asian aquaculture.  
 
1. Environmental exposure to veterinary medicines applied in Asian 
aquaculture       
 
Because the majority of Asian aquaculture is produced in ponds and freshwater cages (Bostock et 
al., 2010), this thesis focused on the assessment of chemical exposure in these two production 
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systems. This section provides an overview of the exposure patterns observed in water and 
sediment. 
 
As expected, Chapter 7 showed that peak exposure concentrations of the antibiotic enrofloxacin 
applied to a Pangasius catfish pond occurred at the effluent discharge point. Concentrations 
measured few meters down-stream the discharge point dropped significantly to undetected 
levels, suggesting that worst-case exposure only occurs in small areas and that dilution 
immediately reduces exposure concentrations (Chapter 7). Magnitude and duration of the 
exposure in effluent discharge points largely depends on differences in dosage and treatment 
duration, water exchange practices, production and species characteristics, and dissipation rates 
of chemotherapeutants in aquaculture ponds (Chapter 5). Antibiotics applied mixed with feed to 
cage-based farms follow a similar exposure pattern as the one found in pond systems. This is 
characterized by a peak water concentration caused by leaching from feeds during (or shortly 
after) administration, and a subsequent drop, with as many peaks as antibiotic applications 
(Chapter 6). It should be noted that Asian aquatic ecosystems impacted by aquaculture generally 
show a high concentration of suspended organic material (Chapter 6), and therefore chemical’s 
bioavailability to most aquatic organisms is expected to be lower than in undisturbed ecosystems, 
except for filter-feeders and benthic orgnanisms.  
 
Different exposure patterns were observed for the sediments in the proximity of aquaculture 
ponds and cages. Whereas enrofloxacin residues discharged by Pangasius catfish effluents were 
found to increase down-stream the effluent discharge point up to a distance of 100 m (Chapter 
7), residual concentrations of oxytetracycline and enrofloxacin applied to tilapia cage farms were 
measured at highest concentrations in sediments right underneath the cages and decreased in 
the down-stream areas (Chapter 6). Differences in accumulation patterns can be explained by the 
hydrologic conditions of the system, i.e. settling of particulate material downstream the effluent 
discharge point propitiated by decreased water flow velocity. In both studies, antibiotic 
accumulation seemed to be caused by the settling of faeces and particulate material (feed waste) 
onto the sediment, and antibiotics were spread along large sediment areas (> 100 m down-stream 
the farm). The sediment exposure concentrations revealed by these studies were considerably 
high (up to 10-20% of the therapeutic dose), and were found to persist for weeks to months 
(Chapter 6).  
 
In conclusion, the environmental exposure pattern of aquaculture medicines in tropical aquatic 
ecosystems of Asia largely varies among production systems and characteristics of the 
chemotherapeutic treatment. Overall, medical disinfectants (e.g. benzalkonium chloride, 
glutaraldehyde, formaldehyde) and some ecto-parasiticides (trichlorfon, deltamethrin), which are 
principally applied in ponds, result in short-term water exposure since their treatment durations 
are shorter (1 to 3 applications) and normally have a higher solubility and lower organic matter 
sorption coefficient than other substances such as antibiotics (Chapters 4 and 5). Exposure to 
antibiotics is generally short-term in water (i.e. characterized by several short-lasting peaks), and 
longer-term and generally higher for sediments (especially for fluoroquinolones and 
tetracyclines). Consequently, for antibiotics and other hydrophobic substances (e.g. ivermectin), 
chemical monitoring studies should include collection of sediment samples in the proximity of 
cage farms or several meters downstream pond effluent discharge points (Chapters 6 and 7). 
 
2. Modelling environmental exposure to aquaculture medicines: what are 
the next steps? 
 
Monitoring chemical exposure in aquaculture producing regions of Asia is often limited by 
economic, technical or logistic reasons. The use of models has proven to be useful in assessing the 
environmental discharge and exposure of aquaculture medicines within this thesis (Chapters 4, 5 
and 9), and elsewhere (Rose and Pedersen, 2005; Boxall et al., 2006a; Metcalfe et al., 2009). Risk 
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assessment models, such as the ERA-AQUA model (Rico et al. 2012b; Chapter 4), are generally 
based on  theoretical assumptions, and therefore testing their accuracy under field conditions is a 
critical but most needed step in order to increase their trust, as well as to refine their underlying 
processes and equations (Chapter 4). Within this thesis, a preliminary evaluation of the 
concentration dynamics predicted by the ERA-AQUA model was performed. This evaluation was 
carried out in a commercial Pangasius catfish grow-out pond (described in Chapter 7) that had 
received a treatment with the antibiotic enrofloxacin, administered at a dose of 10 mg/kg fish for 
5 consecutive days. During the field trial, data on environmental parameters (e.g. rainfall, 
temperature), aquaculture management practices (e.g. water replacement, feeding), and fish 
population dynamics (e.g. growth, mortality) were recorded. Furthermore, water and sediment 
samples were collected to analytically verify enrofloxacin concentrations, and additional samples 
were taken to measure water and sediment quality parameters (e.g. suspended solids, fraction of 
organic matter). The results of this preliminary investigation suggest that the model reflects 
antibiotic dynamics in the evaluated pond compartments reasonably well (Fig. 1). Accuracy of the 
model predictions was somehow acceptable, but not optimal. Measured water concentrations 
were generally within two-fold measured concentrations, and measured sediment concentrations 
were slightly underestimated by the model (Fig. 1). It should be noted, however, that enrofloxacin 
residues were already detected in the water and sediment samples collected before the start of 
the treatment. It could not be determined whether these contamination levels originated from 
residues of previous antibiotic administrations or whether they could be caused by irrigation from 
surrounding aquaculture ponds. A possible factor influencing the overestimation of water 
concentrations and the underestimation of sediment concentrations could be related to the use 
of an enrofloxacin organic-carbon sorption coefficient from a study in which sediment 
characteristics (e.g. texture, pH) were slightly different to the ones measured in the aquaculture 
pond. A lesson learned from this experiment was that the evaluation of the ERA-AQUA model 
predictions should preferably be carried out in smaller scale experimental ponds with a more 
precise control of the dosing and environmental conditions, and also assuring no previous use of 
the studied substance or pond contamination before and during treatment. In any case, for a 
more widespread use of the risk assessment models such as the ERA-AQUA (e.g. in regulatory risk 
assessment) and for detecting potential improvements, it is evident that more field evaluations 
are required. These should also take into account different compounds and aquaculture species 
such as shrimps, for which different chemical uptake routes are anticipated. 
 
  
Figure 1. Comparison of measured (dots) and median predicted concentration (lines) of enrofloxacin in water and 
sediment of a Pangasius catfish pond, Vietnam. The dashed lines represent the 95
th
 confidence interval of the predicted 
concentration, which was based on 1000 Monte Carlo permutations generated from several input parameter 
distributions (i.e. temperature, initial water volume, and water and sediment quality parameters). 
 
The majority of the aquatic exposure assessments performed within this thesis were performed 
on a pond-based scale (Chapter 4, 5 and 9) and followed a single-compound approach assuming 
that ponds were isolated from each other. However, Asian aquaculture shows an increasing trend 
towards high spatial farm aggregation (e.g. Fig. 2; Ha et al., 2013). In areas with high level of farm 
clustering, it is most likely that several veterinary medicinal treatments are applied at the same 
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time (or within short time intervals). This can make that concentrations build-up in the 
environment and that down-stream aquatic ecosystems are exposed to chemical mixtures, as has 
already been documented in larger-scale monitoring studies performed within this thesis 
(Chapter 6) and elsewhere (Le and Munekage, 2004; Managaki et al., 2007; Zou et al., 2011). 
Accordingly, it is expected that some of the environmental risk evaluations performed within this 
thesis (Chapters 4, 5 and 8) somehow underestimated the real risks, especially when considering 
the potential for long-term exposure to chemical mixtures in aquatic sediments (Chapter 6). More 
realistic exposure assessments should be carried out by adopting larger time (e.g. months to 
years) and spatial scales (e.g. watershed level). This could be done, for example, by coupling ERA-
AQUA model outputs to hydrological or GIS based modelling tools with suitable temporal and 
spatial configurations. Such an approach should pay special attention to accurately predict 
transport and deposition of veterinary medicinal residues through particulate material, as also 
recommended by Rose and Pedersen et al. (2005). The proposed next-step modelling approach 
will not only help in the identification of relevant chemical mixtures and representative time 
windows to be tested in refined ecotoxicological assessments, but will also contribute to identify 
specific areas on which monitoring should be focused and where environmental remediation and 
restoration is required. Priority areas for up-scaled exposure assessments are the Mekong Delta in 
Vietnam, where about 38 tons of antibiotics are estimated to be yearly discharged by Pangasius 
pond effluents (based on FAO 2012, and Chapter 5), and the coastal shrimp production areas of 
Guangxi and Guangdong provinces in China (Fig. 2; Chapter 5). 
 
 
Figure 2. Satellite image of a shrimp production area in Guangxi province, south-east China, 2005.  
 
3. Options for reducing the environmental discharge of aquaculture 
medicines  
 
The mass balance calculations performed in Chapter  5 demonstrated that about 25% of the 
chemotherapeutants applied in Asian pond aquaculture end-up in the environment through 
effluent discharges. They also showed that the main factors influencing the effluent discharge of 
aquaculture medicines are the mode of application (directly to water vs mixed with feed), the 
density of the cultured species in the aquaculture pond, the frequency and duration of the 
effluent discharge events, and the organic-matter sorption and bioaccumulation potential of the 
applied compound. Taking this into consideration, the only options that are within the reach of 
aquaculture farmers and operators to minimize the environmental discharge of aquaculture 
medicines are the reduction of cultured species density and of water discharge. For compounds 
applied mixed with feed, reducing cultured species biomass in aquaculture ponds logically 
reduces the amount of chemical quantities required per unit of water volume, and therefore also 
reduces the mass of chemical residues available for environmental discharge. Water discharge 
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from ponds can be managed in such a way that minimizes the environmental release of residues, 
for example by limiting water discharge during, and shortly after, chemical administration and 
allowing degradation of the compound within the pond before environmental release. Chemical 
fate and degradation modelling tools could be useful in indicating optimal timing and volume of 
effluent discharge to minimize environmental risks (Chapter 4). Environmental discharge of 
veterinary medicines could also be reduced by waste-water treatment methods such as 
sedimentation and phytoremediation. Sedimentation ponds have proven to be cost-effective 
water treatment methods for removing biosolids and particulate organic material from water 
(Boyd, 1998), and therefore also antibiotics residues that generally tend to be attached to them 
(Rose and Pedersen, 2005; Chapters 6 and 7). Recent studies have shown that wetland 
macrophytes could reduce the concentration of antibiotics in water and sediment samples up to 
40% (Hoang et al., 2012, 2013). Thus, it is recommended that the removal efficiency and 
feasibility in the implementation of sedimentation and phytoremediation methods are further 
investigated. Such methods are particularly needed in ponds with high fish densities in which 
water quality deterioration dictates the need of water renewal (e.g. Pangasius catfish ponds in 
Vietnam), and high chemotherapeutant use and discharge constitute an important environmental 
problem (Chapters 4 and 5). 
 
Because a large portion of the chemicals applied to earthen ponds end up in the sediment 
compartment (Chapter 5), the pumping of pond sediments and their disposal in surrounding 
ecosystems may also contribute to the contamination with veterinary medicines. This practice is 
most regularly done in intensive production areas such as the Pangasius producing region in the 
Mekong Delta (Anh et al., 2010). Due to the large amounts of sludge that are being generated and 
the large environmental impacts of this practice, pond sludge is being more and more utilized as 
fertilizer in agricultural production (Lin and Yi, 2003; Anh et al., 2010). Given the high persistence 
of veterinary medicinal residues (e.g. antibiotics) in pond sediments (Chapter 4), it is expected 
that such practice contributes to the spread of antibiotics over agricultural soils. Research has 
shown that veterinary medicinal residues contained in manure applied to agricultural fields may 
accumulate in vegetables, posing a potential hazard for human consumers, and may also support 
a pathway for antibiotic resistance genes to humans (Kumar et al., 2005; Boxall et al., 2006b). 
Thus, it is necessary to quantify residues of veterinary medicines in sludge before it is disposed 
into the environment or reused in agriculture. A practical way to avoid expensive and time-
consuming chemical monitoring will be to use chemical fate models such as the ERA-AQUA 
(Chapter 4) in advising a proper sludge removal planning for farmers that have made use of 
chemotherapy. However, this will not solve the problem of the spread of antimicrobial resistance 
genes.   
 
It has been estimated that the percentage of antibiotics applied to cage systems that is released 
into the environment amounts to approximately 75% of the applied dose (Lalumera et al., 2004). 
This percentage, however, may vary a lot depending on the coating agent used, the amount of 
uneaten feed, and the biotransformation of the compound in the cultured species (Duis et al., 
1995; Metcalfe et al., 2009). Similarly to what has been found in marine cage studies (Coyne et al., 
1994; Capone et al., 1996), Chapter 6 showed that leaching from medicated feeds and the 
deposition of uneaten feeds and faeces in sediments underneath freshwater cages are the most 
likely routes of environmental contamination. Antibiotics applied in Asian aquaculture are 
manually or mechanically mixed with feeds in the farm before administration, and water is 
typically used to allow the antibiotic to attach to the feed pellets. This differs to the methods used 
in salmon producing countries, where medicated feeds prepared with oil coating agents are 
industrially made and sold ready-to-use in the market (Duis et al., 1995; Rigos et al., 1999). The 
methods used by Asian farmers are expected to result in higher leaching rates, especially when 
fish are already infected and uptake rates decrease. Due to the open nature of the cage 
production systems, options to reduce the environmental discharge of chemotherapeutants are 
very limited (e.g. improved antibiotic coating). Therefore the only alternative to improve the 
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environmental performance of these farms is to reduce the risks of disease that require 
medication, or simply the migration of the fish production into (semi-)closed systems (i.e. ponds, 
tanks), as already seems to be happening in some areas (e.g. Thailand; Belton et al., 2009b). 
 
4. Toxicological effects of aquaculture medicines for tropical aquatic 
ecosystems 
 
The current literature lacks examples that show the ecological effects in the field caused by the 
contamination with aquaculture medicines in Asia. Therefore, the discussion on their toxicological 
effects is currently based on results from laboratory and, to a lesser extent, model ecosystem 
experiments, and needs to take into consideration the (potential) limitations of the extrapolation 
of these experimental results to assess the ecological effects for tropical aquatic ecosystems of 
Asia.   
 
Parasiticides have been identified as the group of compounds with higher toxicity potential for 
non-target aquatic organisms after use in Asian aquaculture as compared to medical disinfectants 
or antibiotics (Chapter 5). Results of studies reviewed within Chapter 2 show that for parasiticides 
the sensitivity of aquatic organisms inhabiting different geographical areas (temperate vs tropical) 
and habitats (freshwater vs marine), does not show marked differences. However, ecological 
effects of anthelmintics and parasiticides applied to aquaculture ponds in Asia might be higher 
than those shown by experiments performed in the marine environment (see Burridge et al., 
2010), mainly because of lower dilution. Based on the microcosm experiments conducted by 
Sanderson et al. (2007) and Boonstra et al. (2011), and also the results of Chapter 5, residues from 
the anthelmintic ivermectin applied in aquaculture ponds are likely to temporally affect the 
structure of invertebrate communities, with cladocerans being the most sensitive taxa. Also high 
effects are expected by antiparasitic treatments with deltamethrin on invertebrate communities 
(Chapter 5) according to the results of the microcosm experiment described in Schanné and Van 
der Kolk (2001). According to the results of this thesis (Chapter 5), priority should be given to the 
assessment of the effects of some anthelmintics and parasiticides (e.g. ivermectin and 
deltamethrin) on benthic invertebrate communities exposed to tilapia or Pangasius pond 
effluents. Such experiments should assess the stress caused by pulsed exposure concentrations 
rather than the more-static exposure patterns typically used in standard laboratory experiments. 
In this regard, the parameterization and implementation of toxicokinetic and toxicodynamic 
models could help in approaching a more realistic understanding of the effects of pulsed 
aquaculture effluent discharges and on the extrapolation across different exposure patterns 
(Ashauer et al., 2007; Jager et al., 2011).  
 
Results of Chapter 5 show that benzalkonium and hydantoin compounds used for water 
disinfection and as medical disinfectants can pose a high acute toxicological risk for invertebrates, 
fish and primary producers next to effluent discharge points. These risk calculations are rather 
conservative due to a lack of available data regarding their environmental degradation, as well as 
ecotoxicological studies assessing their effects on non-standard aquatic organisms (Chapter 5). 
Future research should address these data gaps by evaluating their persistence and the formation 
of transformation products in organic matter rich environments, and should also assess their 
acute toxicity for tropical aquatic organisms including microorganisms.  
 
This thesis has significantly contributed to increase our knowledge on the sensitivity of tropical 
aquatic organisms to two of the most widespread antibiotics used in Asian aquaculture, 
oxytetracycline and enrofloxacin (Chapters 6, 7 and 8). It has been demonstrated that the acute 
sensitivity of tropical freshwater zooplankton (i.e. Moina macrocopa) is similar to that of their 
temperate counterparts (i.e. Daphnia magna), and that tropical macroinvertebrates (i.e. molluscs, 
worms, insects, crustaceans) are, in most cases, less sensitive than zooplankton species (Chapters 
6 and 7). Those experiments also confirmed the high tolerance of aquatic invertebrates to 
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aquaculture antibiotics that had previously been reported by other authors (Robinson et al., 2005; 
Park and Choi, 2008). According to the available toxicity data (e.g. Holten-Lützhøft et al., 1999, 
Ebert et al., 2011), and the risk assessments performed in Chapters 5, 6 and 7, primary producers, 
and more specifically cyanobacteria populations, are expected to be affected by environmental 
concentrations of antibiotics. This, however, could not be demonstrated in the microcosm 
experiment conducted with the antibiotic enrofloxacin (Chapter 8), probably due to (1) the low 
compound bioavailability, explained by the high water pH and the consequent ionization of the 
test compound, and (2) the variable abundance of cyanobacteria in the test systems. Wilson et al. 
(2004) demonstrated that long-term exposure to antibiotic mixtures can severely suppress the 
growth of cyanobacteria and other phytoplanktonic groups. The available literature reveals that 
antibiotic concentrations in the µg/L range can affect the relative abundance of biofilm 
microorganisms involved in important ecological functions such as photosynthesis, and carbon 
and nitrogen cycling in biological reactors (Yergeau et al., 2012; Chapter 8), though effects on 
biological processes at environmentally relevant concentrations have not yet been demonstrated 
(Wunder et al., 2013; Yan et al., 2013; Chapter 8). The extrapolation of these experimental results 
with regard to the differences in species sensitivity among the tested species and those inhabiting 
Asian tropical ecosystems becomes less relevant since most sensitive species of phytoplankton 
(e.g. Microcystis sp.) and aquatic microbes are cosmopolitan (Dolan, 2005). The extrapolation of 
these results to flow-through ecosystems as those impacted by aquaculture antibiotic residues 
still remains to be investigated, but it is envisaged that the bioavailability of antibiotics in natural 
ecosystems will be much lower than in the test systems that have been currently utilized.  
 
Based on the results of this thesis and the published literature it can be concluded that the 
environmental exposure to aquaculture antibiotics is not expected to pose a direct toxicological 
risk for invertebrate and fish communities. Antibiotic exposure is likely to result in subtle and 
transient effects on the structure of microbial communities. However, due to the high ecological 
redundancy and recovery potential of microbial communities under tropical conditions (e.g. 
Chapter 8), effects on water quality and side effects at higher trophic levels are most unlikely to 
be detected in lotic aquatic ecosystems. More investigations are required to develop sensitive 
endpoints to assess microbial-related effects on ecosystems, and to investigate the effects of 
long-term (> 30 days) exposure to antibiotic mixtures on sediment biofilm structure and functions 
under tropical conditions. For the latter, the abundance of nitrifying bacteria and archea (Chapter 
8), in combination with other microbial phenotypes involved in organic matter mineralization 
(Yergeau et al., 2012; Wunder et al., 2013) are recommended to be used as potentially sensitive 
endpoints. Research into the ecotoxicology of aquaculture antibiotics should also move towards 
the investigation of sub-lethal effects on aquatic fauna and flora caused by the disruption of 
ecological associations with microorganisms such as symbiosis (e.g. nitrogen fixation in 
macrophytes) and facilitation (e.g. digestive efficiencies in invertebrates or fish, or disease 
susceptibility caused by the alteration of mucus or epithelial bacteria).  
 
Ecotoxicological assessment of aquaculture medicines should also pay attention to other 
substances that have not been studied within this thesis. For example, the hormone 17α-
methyltestoreone used for sex-reversal in tilapia hatcheries has been detected in water samples 
collected in the surroundings of aquaculture facilities of Thailand (Barbosa et al., 2013) at 
concentrations that are up to 200 times higher than the concentrations that affect reproductive 
endpoints of Danio rerio such as vitellogenin concentration and 11-ketotestosterone content 
(Andersen et al., 2006). This suggests that the pollution with this hormone may induce endocrine 
disrupting effects and may affect the sex-ratio and the reproduction rates of wild fish populations. 
This thesis showed that a wide range of probiotics are currently used in Asian aquaculture 
(Chapters 2 and 3). The exact chemical and biological composition of the probiotic cocktails that 
are extensively used in Asian aquaculture is still relatively unknown (Wang et al., 2008) and the 
ecological effects posed by these residues and the introduction of probiotic microorganisms into 
aquatic ecosystems is a matter of concern that has not yet been addressed. The environmental 
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introduction of these probiotics is not likely to result in negative effects for water quality, but it is 
expected to affect the equilibrium and structure of aquatic bacterial communities. 
 
 
Figure 3. Redundancy analysis biplot showing the difference in species composition between sites with a different 
ecological impact, i.e. impacted, non-impacted and reference site. Ecological impact explained 22% of the difference in 
species composition between the 35 sites, of which 79% is displayed on the first axis and the remainder 21% on the 
second one. The samples collected in the Tha Chin River differed significantly in species composition (p ≤ 0.001) from 
the samples collected in the Kaew River (reference site), while the difference in species composition between the 
aquaculture impacted and non-impacted sites of the Tha Chin River was marginally significant (p = 0.063).  
5. Challenges for the monitoring of the effects of aquaculture medicines in 
the field 
 
As already discussed, there are very few examples of studies evaluating the ecological effects of 
veterinary medicinal residues from aquaculture farms. This can be explained by the lack of 
economic investments in this research area but also by other factors related to environmental 
and technical limitations that will be discussed here. One of them is the difficulty to assess effects 
on pelagic organisms due to the flow-through conditions of the impacted ecosystems, which can 
be solved by concentrating efforts towards the assessment of benthic communities. Another one 
is related  to the fact that intensive aquaculture generally releases high loads of organic material 
and nutrients. In this way, natural aquatic ecosystems are not only exposed to 
chemotherapeutant residues but also to a range of other water quality disturbances generated by 
increased nutrient levels and eutrophication (e.g. lower oxygen concentrations, increased 
turbidity). The accumulation of aquaculture wastes generates a phenomenon traditionally called 
as ‘organic enrichment’. This generally results in a reduction of the number of invertebrate taxa 
and an increase in the abundance of the few invertebrate species with high tolerance to low 
oxygen levels in the surroundings of the aquaculture farms. This alteration of the benthic fauna 
composition hampers the identification of the specific effects caused by chemotherapeutant 
residues. This phenomenon has been previously reported in marine cage aquaculture (e.g. Telfer 
et al., 2006) and has also been investigated during the field monitoring study performed in 
Thailand (Chapter 6). Here, the invertebrate composition of 35 sediment samples was analysed. 
The samples were collected from directly impacted (underneath the tilapia cages; n=14) and less 
directly or non-impacted areas (at least 1 km down-stream from the tilapia cages; n=11) of the 
Tha Chin River, and from a reference area in the Kaew River (n=10), which apparently was not 
impacted by any anthropogenic source of pollution. This analysis showed that the benthic 
invertebrate composition of the Tha Chin River was significantly different to that of the Kaew 
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River, and a trend was observed towards a higher abundance of worm taxa (Nereis sp., Tubifex 
sp., Lumbriculus sp.) in the sediments next to the tilapia cages (Fig. 3). As expected, differences in 
benthic invertebrates composition did not show a significant correlation to measured antibiotic 
concentrations, expressed as the sum of oxytetracycline and enrofloxacin (redundancy analysis; 
Monte Carlo test: p = 0.7).  
 
Another challenge for the field monitoring of effects of veterinary medicines is the lack of suitable 
biomarkers to assess exposure and effects on non-target aquatic organisms. Whereas effect 
biomarkers such as cholinesterase inhibition have proven to be useful for assessing the effects of 
some antiparasitic compounds (Tu et al., 2009b; Coelho et al., 2011), most studied biomarkers for 
aquaculture antimicrobials are not sufficiently sensitive to quantify sub-lethal effects at 
environmentally relevant concentrations (Ambili et al., 2013; Oliveira et al., 2013; Pereira et al., 
2014) and, hence, their use is often restricted to assess stress caused by therapeutic doses in 
aquaculture facilities (Chapter 7). The use of available biomarkers in field assessments also has 
other shortcomings such as the variability in control (enzymatic) levels and their limited stressor 
specificity, which often challenge the interpretation of exposure-related effects (Schmidt et al., 
2012).   
 
In conclusion, the evaluation of the effects of aquaculture veterinary medicines under field 
conditions is challenged by situations of mixture toxicity and multiple stress, and the lack of 
suitable biomarkers of exposure for some compounds (i.e., antimicrobials). Consequently, more 
ecologically relevant assessments must take into consideration the combined toxicological effects 
of the whole aquaculture discharge. The appropriate isolation of the specific chemoterapeutant 
effects will only be accomplished through controlled laboratory and/or semi-field experiments 
that use ‘nutrient and non-nutrient’ treatments and controls.  
 
6. Developing ecological thresholds for aquaculture medicines 
 
Nowadays, the monitoring of the environmental impacts of Asian aquaculture is based on the 
assessment of the compliance of measured water quality parameters (e.g. nutrients, oxygen 
concentrations, pH) with available effluent standards (e.g. Boyd, 2003). The inclusion of veterinary 
medicines in these monitoring assessments requires the definition of ecological thresholds for 
these substances. In this respect, Chapter 5 offers the first set of ecological thresholds (Predicted 
No Effect Concentrations: PNECs) for aquaculture medicines with a potential for use in 
environmental monitoring in Asian aquaculture producing countries. Such PNECs are based on a 
tiered approach that uses contemporary ecotoxicological methods and up-to-date data for each 
compound. The lower tiers of this approach have been extensively validated for agricultural 
pesticides using results of micro- and mesocosm experiments (Brock et al., 2006), and therefore it 
is expected that they also offer a sufficient level of protection for aquaculture compounds with 
similar mode of action such as parasiticides and some fungicides. PNECs for most aquaculture 
antimicrobials are based on lower-tier calculations due to the limited amount of available 
toxicological data for non-standard test species and model ecosystem experiments (Chapter 5). 
Results of Chapter 8, as well as results from other semi-field studies (e.g. Wilson et al., 2004), 
suggest that lower-tier antibiotic PNECs are sufficiently protective for ecosystem structure (not 
including microorganisms) and functioning, however more experiments need to be performed 
with other compounds to confirm this.  
 
Besides the potential ecotoxicological effects, a major concern related to the environmental 
pollution with aquaculture antibiotics is the development of antibiotic resistance in 
environmental bacteria and their potential consequences for human health (Heuer et al., 2009; 
Miranda et al., 2013; Pruden et al., 2013; Chapter 9). A relevant question is to ask whether the 
use of current action limits and PNECs used in ERA provide a sufficient protection level for 
resistance development in environmental bacteria. To shed light on this issue, the Phase I action 
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limit established by the international environmental risk assessment guidelines for veterinary 
medicines (VICH, 2000) and the acute PNECs derived in Chapter 5 were compared to the bacterial 
MIC50 SSDs derived in Chapter 9. It was found that the median percentage of bacterial genera 
affected by the Phase I action limit (1 ppb) is close to or well below the 5% for all 12 evaluated 
antibiotics. The comparison of ecological thresholds was only performed for 8 antibiotics, because 
for the other 4 the PNECs had not been derived from experimental data but using QSARs. The 
results of this comparison show that, with the exception of trimethoprim, the fraction of bacterial 
genera affected is close to or well below 1%. The PNEC for trimethoprim had been derived with 
green algae instead of cyanobacteria and resulted in an affected fraction of 10% (Fig. 4). 
According to this comparison, it can be concluded that the current antimicrobial action limits and 
the ecological threshold concentrations, as proposed by Chapter 5 and derived with 
cyanobacteria toxicity data (instead of green-algae), could induce resistance in about (or in less 
than the) 5% of bacteria. It might be questionable, however, whether the SSD 5% cut-off value (or 
its lowest confidence limit) traditionally used in risk assessment to protect aquatic ecosystems 
(Aldenberg et al., 2002; Brock et al., 2006; Maltby et al., 2009) would also result in a sufficient 
protection level for antibiotic resistance because of two main reasons. First, because the non-
protected 5% of bacteria might include animal and human pathogens of critical relevance in 
epidemiology. Second, because the potential mobility of resistance genes, and the horizontal and 
vertical gene transfer between environmental compartments, could lead to the colonization of 
resistant pathogens in animals and humans, and might result in health risks even when protecting 
the largest percentage of environmental bacteria. Experimental research is needed to evaluate 
the suitability of  the resistance susceptibility endpoints used and discussed within this thesis 
(Chapter 9). However, based on the information that is currently available, it can be concluded 
that the action limits and the threshold values proposed by ERA seem to provide a conservative 
protection for antibiotic resistance development in the aquatic environment. 
 
   
Figure 4. Comparison of bacterial MIC50 SSDs with the VICH Phase I action limit for aquaculture effluents (solid vertical 
lines) and the acute PNECs derived in Chapter 5 (dashed vertical lines) for amoxcillin, florfenicol and trimethoprim. 
 
7. Options for a better control of the use of veterinary medicines in Asian 
aquaculture 
 
The literature review performed in Chapter 2 made evident that detailed and up-to-date 
information on the use of veterinary medicines in Asian aquaculture was hardly available as an 
open access resource. Efforts have been made in Chapter 3 to fill this data gap for a number of 
important aquaculture species with high export potential. To continue delivering the appropriate 
information to perform ERAs of aquaculture medicines, Asian countries should aim to improve 
their mechanisms that control the use of veterinary medicines at a national level and at a farm-
level. At the national level, governments must encourage sellers, importers and producers of 
veterinary medicines to keep records trying to, as much as possible, separate the amounts of 
drugs labelled for aquaculture purposes from those labelled for other animal producing 
commodities such as poultry or livestock. They should also make this data available to 
aquaculture authorities and researchers. Although progress has recently been made to improve 
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these mechanisms in some countries such as China (Yuan and Chen, 2012), Thailand 
(Baoprasertkul et al., 2012), Vietnam (Tai, 2012) and Philippines (Somga et al., 2012), it is evident 
that in some cases (e.g. Vietnam) more efficient measures should be implemented by, for 
example, monitoring active ingredient quantities instead of product names, and by better defining 
the role and responsibility of the different competent authorities involved in the process (Tai, 
2012). The Norwegian Institute of Public Health offers a good example of a successful tracking 
system for veterinary medicine sales used in salmonid aquaculture that has been working since 
2001 (NIPH, 2009). 
 
At the production level monitoring is, at varying degrees, executed to assess compliance to 
regulatory lists of approved and restricted or prohibited chemicals. The enforcement of such 
regulations becomes useful in promoting the prudent use of chemotherapeutants regarding 
international food safety controls. In some cases, such as the case of the Vietnamese aquaculture 
industry (VMARD, 2009), such lists contain a wide range of antibiotic classes, some of them with 
critical importance for human medicine (WHO, 2012). Thus, it is recommended that regulatory 
lists of approved chemicals are urgently revised and that antibiotics used for human disease 
treatments are completely separated from aquaculture uses. Results of the chemical use survey 
performed in Chapter 3 show that, with few exceptions, most of the chemicals in use comply with 
national regulations. It should be noted, however, that the majority of the farms surveyed in 
Chapter 3 were mainly export oriented. In Chapter 6, the excessive antibiotic use reported by 
cage-based farmers that serve the domestic market show an indication of the importance of 
monitoring and improving the knowledge on appropriate chemical use in non-exporting (small-
scale) farms.  
 
Third party certification bodies have played a major role in distributing information on prudent 
use practices and checking compliance to national and international regulations (Corsin et al., 
2007). However, because certification is more widespread among large-scale export oriented 
farms, such kind of support is less frequently arriving to small holders (Bush et al., 2013). 
Authorities should see third-party certification efforts as a contribution to this, but should not 
consider them as the only mean for proper chemical use control. Stronger commitment to the 
inspection and monitoring of the chemical use at the farm level is required by Asian governments 
regarding the tracking of active ingredients and yearly quantities used by farmers. For this, 
governments should encourage farmers to keep records. In the future, farm-level chemical use 
inspections should take into account farms oriented to all kinds of market sectors, and should also 
include nurseries and hatcheries, for which their chemical use practices as well as environmental 
impacts have been less investigated (Chapter 2).  
 
8. Concluding remarks and recommendations 
 
According to the results of this thesis it can be concluded that the introduction of biosecurity 
measures and new advances in water quality control, feed technology and disease diagnosis seem 
to have resulted in a decline of the use of veterinary medicinal treatments in (semi-)intensive 
shrimp production in some important producing countries of Asia such as China, Thailand, and 
Vietnam (Chapter 3). Nevertheless, veterinary medicines are essential in some critical phases of 
the aquaculture production (e.g. egg disinfection, stocking of ponds), and are regularly used in 
intensive aquaculture production systems with high water exchange and low biosecurity potential 
e.g. Pangasius catfish ponds and freshwater tilapia cage farms (Chapters 3 and 6). Therefore, it is 
recommended that aquaculture-producing countries of Asia increase the control on their 
chemical production, sales and imports, and that continued monitoring is carried out to assess 
compliance to regulations and to assess chemical use practices at the farm level. Also more 
knowledge should be provided to aquaculture farmers on disease diagnosis, appropriate 
application methods and disposal of used chemotherapeutant containers, particularly to small-
holders (Chapter 2). 
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Regulatory ERAs should be implemented in the registration and post-registration evaluation of 
aquaculture chemicals in Asian countries, as already done in most developed countries. For this, 
the risk assessment guidelines set by the International Cooperation on Harmonization of Technical 
Requirements for Registration of Veterinary Products (VICH, 2000, 2004) or similar approaches 
should be used. The risk assessment models and scenarios developed within this thesis provide a 
valuable platform to perform compound and species-specific preliminary evaluations and to guide 
scientific studies aimed at improving the knowledge that supports ERA (Chapters 4 and 5).  
This thesis has shown that a significant amount of veterinary medicines applied to intensive 
aquaculture ponds and freshwater tilapia cages is released into the environment by waste and 
waste-water discharges (Chapter 5 and 6). High ecological risks are expected by the current 
application of chemotherapeutants in intensive aquaculture production of Pangasius catfish in 
Vietnam and, to a lesser extent, in intensive shrimp production scenarios of China. Regarding the 
range of evaluated compounds, it can be concluded that the highest predicted ecological risk is 
posed by the application of some antiparasitic compounds due to their high toxic potential for 
non-target invertebrate communities (Chapter 5). 
Asian aquatic ecosystems neighbouring aquaculture production are not only exposed to 
chemotherapeutant residues but to a range of other stressors (e.g. nutrients, water quality 
treatments, agrochemicals, industrial pollution). This challenges the identification of 
chemotherapeutant-specific biological effects in the field, and suggests that a weight-of-evidence 
approach based on multiple lines of evidence should be used to assess effects of 
chemotherapeutant residues. Such an approach must include the monitoring of contaminant 
levels in the environment, and an adequate suite of biomarkers and bioindicators derived from 
laboratory and (semi-field) experiments performed at different levels of biological organization. In 
this regard, this thesis has made significant progress in assessing exposure patterns and relevant 
biological effect measures for two commonly used antibiotics applied to different aquaculture 
scenarios of Asia. Field monitoring studies have shown that aquaculture antibiotics accumulate in 
sediments surrounding fish cage farms and pond effluent discharge points at relatively high 
concentrations (Chapters 6 and 7). The assessment of toxicological effects of antibiotics on 
different tropical aquatic organisms and at different levels of biological organization (molecular, 
individual, population, community) have shown that the short-term risks seem to be mild for 
aquatic ecosystems, and are not expected to go beyond transient effects on the structure of 
microbial communities. However, further research is required to assess the ecological effects of 
antibiotic mixtures and long-term effects on sediment dwelling invertebrates, and in sediment 
microbial communities and their mediated ecological functions.  
The regular use of antibiotics in some aquaculture farms of Asia and the high levels of 
environmental pollution detected in aquatic ecosystems raise concerns about their contribution 
to the development of resistance in environmental bacteria. Although with limited or yet 
unknown ecological consequences, the increased levels of antibiotic resistance are expected to 
reduce the future ability to effectively treat bacterial infections in aquaculture and might have 
dramatic consequences for human health. Water threshold values for ecological protection seem 
to provide a sufficient protection level to avoid resistance development in bacteria. However, this 
thesis has demonstrated that antibiotics, even when used according to recommendations, may 
increase the prevalence of antibiotic resistance in water and sediments of aquaculture ponds with 
high fish densities (Chapter 9). This paints an overall worrying picture about the consequences of 
antibiotic pollution for human populations in aquaculture production environments and indicates 
an urgent need to invest in research towards the reduction of antibiotic use - through the 
development of improved biosecurity methods and vaccination - and the implementation of cost-
effective effluent treatment methods to reduce environmental pollution (e.g. sedimentation 
ponds, phytoremediation).  
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To conclude, the future of intensive aquaculture in Asia may be confronted with the degradation 
of the aquatic ecosystems that constitute the primary water source for their production activities. 
The assessment of chemotherapy methods and their potential environmental risks is a challenging 
and timely issue that requires further attention by governments and researchers all over the 
world. This thesis has made an attempt to provide the tools and insights to approach some 
relevant issues, however further work is required (1) to assess more realistic exposure patterns of 
veterinary medicines in aquaculture production areas, (2) to explore new ecological endpoints 
and  to refine existing ecotoxicological approaches for veterinary medicines, and (3) to 
incorporate the antibiotic resistance issue into the risk assessment paradigm.  
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Summary 
 
Summary 
Asian aquaculture accounts for nearly 90% of the global aquaculture production and has 
undergone decades of unprecedented growth. One of the major constraints for the development 
and expansion of the Asian aquaculture industry has been the proliferation of disease outbreaks. 
To overcome this issue, a wide range of veterinary medicines including antibiotics, parasiticides 
and medical disinfectants have recently been introduced in Asian aquaculture. Residual 
concentrations of veterinary medicines applied to aquaculture ponds or cages may enter the 
environment by several routes, including effluent discharges, leaching from medicated feeds and 
excretion by treated animals. Environmental contamination with veterinary medicines has raised 
concerns on its potential implications for biodiversity loss in surrounding aquatic ecosystems and 
for the development of antimicrobial resistance. In addition, the deterioration of aquatic 
ecosystems could lead to increased mortalities and dramatic economic consequences for the 
sector, since aquatic ecosystems provide the water resources needed for the farming operations. 
Therefore, research into the Environmental Risk Assessment (ERA) of aquaculture medicines is 
urgently needed to support the long-term sustainability of the Asian aquaculture production 
sector.   
 
The aims of this thesis were: (1) to assess the current use of veterinary medicines in Asian 
aquaculture production; (2) to develop modelling tools to support the risk assessment of 
aquaculture medicines; (3) to identify compounds and Asian aquaculture production scenarios 
that may pose high environmental risks; and (4) to monitor the environmental fate of aquaculture 
antibiotics and to assess their risks for tropical aquatic ecosystems.  
 
This thesis begins with a literature review on the use of chemicals and biological products in the 
major aquaculture producing countries of Asia (Chapter 2). This review discusses the state-of-the-
art on the risk assessment of aquaculture chemicals and emphasizes the need to include the ERA 
paradigm into the registration and evaluation of aquaculture medicines in Asia, as already done in 
most developed countries. In addition, the review shows that the information available on all 
aspects related to the risk assessment of aquaculture medicines is very limited and highlights the 
need (1) to collect up-to-date data on chemical use practices, (2) to develop risk assessment 
modelling tools tailored to the characteristics of the most important aquaculture production 
systems in Asia,  and (3) to monitor the exposure and effects of aquaculture medicines on tropical 
aquatic ecosystems impacted by aquaculture pollution.  
 
Chapter 3 shows the outcomes of the most extensive chemical use survey performed in Asian 
aquaculture, which includes four aquaculture commodities (Penaeid shrimps, Macrobrachium 
prawn, tilapia, and Pangasius catfish) produced in four major aquaculture production nations of 
Asia: China, Thailand, Vietnam and Bangladesh. During this survey, sixty different veterinary 
medicinal ingredients were recorded, together with their mode of application, reported dosages, 
and treatment durations. The prevalence of the use of antimicrobial treatments is significantly 
higher in the Vietnamese Pangasius farms than in farms of the other investigated species. The 
survey also suggested that the use of antibiotic treatments in semi-intensive and intensive shrimp 
farms in China, Thailand and Vietnam, was lower than was reported in previous surveys. Farmers 
generally do not exceed recommended dosages of veterinary medicines, and chemical use 
practices in the investigated farms are generally in accordance with national and international 
regulations. Factors underlying the observed differences in chemical use patterns were also 
investigated. Geographical location is the most important factor influencing chemical application 
patterns, and stocking density and production intensity play a major role for the chemical use in
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 shrimp farming. Moreover, the adoption of certification schemes does not always correlate with 
lower antimicrobial use.    
 
Chapter 4 describes the scientific background and potential applications of the ERA-AQUA model, 
a risk assessment model that was developed to perform environmental and human health risk 
assessments of veterinary medicines applied in pond aquaculture. This chapter defines the input 
parameters, sub-models and underlying equations used by the ERA-AQUA model, and shows the 
outcomes of a sensitivity analysis that identifies the most important parameters to take into 
consideration when parameterizing the model (i.e., fraction of organic matter in sediment, 
temperature, organism weight, and the organic carbon and octanol-water partition coefficients 
characteristics of the substance). In this chapter, the applications of the model are shown by 
performing a risk assessment for two antimicrobials (oxytetracycline and benzalkonium chloride) 
applied to a Pangasius catfish scenario. 
 
In Chapter 5, risk assessments were performed to identify chemicals and Asian aquaculture 
production scenarios that pose a major environmental hazard. The risk calculations were 
performed by using the ERA-AQUA model and the dataset generated in Chapter 3, together with 
up-to-date information on aquaculture production practices and physico-chemical and 
toxicological properties of the evaluated compounds. This chapter demonstrates that production 
intensity and water exchange positively correlates to the environmental discharge of veterinary 
medicines and their environmental risk potential.  Of all the studied compounds, the highest risks 
are posed by the application of some antiparasitic compounds, due to their high toxic potential 
for non-target invertebrate communities. Of all evaluated scenarios, the highest environmental 
risks are posed by the Pangasius catfish production in Vietnam, followed by the shrimp 
production in China. The risk-based ranking of compounds and scenarios performed in this study 
offers a prioritisation list of chemicals to be evaluated in further chemical and biological field and 
laboratory monitoring research for the combination of species and countries investigated.  
 
In Chapter 6, the environmental fate and ecological risks posed by the use of the antibiotics 
oxytetracycline and enrofloxacin in tilapia cage farming was investigated. Monitoring of water and 
sediment was performed for two important rivers of Thailand (Tha Chin River and Mun River). 
Furthermore, the aquatic toxicity of the selected antibiotics was assessed for five species of 
tropical freshwater invertebrates. Chapter 7 shows the results of a study investigating the 
environmental discharge of the antibiotic enrofloxacin applied to a Pangasius catfish pond in 
Vietnam, and an ecological risk assessment based on toxicity data for green algae, invertebrates 
and fish. In both studies (Chapters 6 and 7) antibiotics were found to accumulate to relatively high 
concentrations in sediments next to or down-stream of the aquaculture facilities. Also, both 
studies concluded that aquaculture antibiotics pose limited ecotoxicological risks for green-algae, 
invertebrate and fish populations, but highlight the need to perform further assessments with 
benthic organisms and to test the potential toxic effects of chronic antibiotic exposures on the 
structure of microbial communities and their mediated ecological functions. 
 
In Chapter 8, the effects of the antibiotic enrofloxacin were investigated on several structural and 
functional endpoints of tropical aquatic ecosystems by using freshwater microcosms. This study 
confirmed the high tolerance of planktonic and macroinvertebrate communities to the 
concentrations that have been measured in the environment. This study also revealed that the 
abundance of certain microbial functional groups, particularly ammonia oxidizing bacteria and 
archaea, is likely to be reduced by environmentally relevant concentrations, although their 
ecological function does not seem to be significantly affected. Based on the environmental 
monitoring performed within this thesis and the ERAs performed with different tropical species 
and levels of biological organization (molecular, individual, population, community), it can be 
concluded that the short-term risks of aquaculture antibiotics for tropical aquatic ecosystems 
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appear to be relatively low, and effects on the structure of microbial communities are expected to 
be transient. 
 
Chapter 9 presents a modelling approach for assessing the risks of bacterial resistance 
development in aquaculture production systems and their surrounding environments. The 
approach is grounded in the theory of probabilistic risk assessment and relies on the use of 
exposure concentration distributions and available antibiotic susceptibility data for clinically 
relevant bacteria. In this chapter, the proposed modelling approach is used to predict the 
antibiotic resistance development risks for 12 antibiotics applied in intensive Pangasius catfish 
aquaculture. This study shows that most antibiotics, even when used according to 
recommendations, may increase the prevalence of antibiotic resistance genes in bacteria 
associated to sediments of intensive aquaculture ponds. The presented modelling approach 
requires further field evaluations but sets the stage for the inclusion of relevant resistance 
endpoints in the prospective, screening-level risk assessment of aquaculture antibiotics.  
   
Finally, in Chapter 10 the overall results of the various studies that compose this thesis are 
discussed and recommendations are provided (1) to improve the regulatory control on the use of 
aquaculture medicines in Asian countries, (2) to reduce the environmental discharge of 
aquaculture medicines, and (3) to further improve the knowledge and tools that underpin the ERA 
of veterinary medicines used in Asian aquaculture.   
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Samenvatting  
 
Samenvatting 
De aquacultuur in Azië is goed voor bijna 90 % van de wereldwijde aquacultuur productie en heeft 
tientallen jaren van ongekende groei doorgemaakt. Een van de belangrijkste belemmeringen voor 
de ontwikkeling en uitbreiding van de aquacultuur sector in Azië wordt gevormd door de 
verspreiding van ziekten. Om dit probleem op te lossen is recent een breed assortiment 
diergeneesmiddelen, waaronder antibiotica, parasiticiden en medische ontsmettingsmiddelen, in 
de sector geïntroduceerd. Diergeneesmiddelen toegepast in vijvers of kooien kunnen in het milieu 
terechtkomen via verschillende routes, onder meer door lozingen, uitloging van met medicijnen 
behandelde diervoeders en de uitscheiding door behandelde dieren. Verontreiniging van het 
milieu met diergeneesmiddelen heeft geleid tot bezorgdheid over een mogelijk resulterend 
verlies aan biodiversiteit in de omliggende aquatische ecosystemen en voor de ontwikkeling van 
microbiële resistentie tegen antibiotica. Daarnaast zou de achteruitgang van aquatische 
ecosystemen kunnen leiden tot verhoogde sterfte en dramatische economische gevolgen voor de 
aquacultuur sector kunnen hebben, doordat aquatische ecosystemen deels de watervoorraden 
vormen die nodig zijn voor landbouwbedrijven. Voor de ondersteuning van de duurzaamheid van 
de aquacultuur sector in Azië op lange termijn is daarom onderzoek naar de inschatting van 
milieurisico’s (Environmental Risk Assessment, ERA) als gevolg van medicijngebruik in de 
aquacultuur dringend nodig. 
De doelstellingen van dit proefschrift waren: (1) beschrijven en beoordelen van het huidige 
gebruik van diergeneesmiddelen in de Aziatische aquacultuur productie, (2) onderzoek naar 
modelmatige hulpmiddelen ter ondersteuning van de risicobeoordeling van de geneesmiddelen 
die in de Aziatische aquacultuur worden gebruikt, (3) identificatie van verbindingen en productie 
scenario’s die in de Aziatische aquacultuur mogelijk hoge milieurisico's opleveren, en (4) 
onderzoek naar de lotgevallen van de in de aquacultuur gebruikte antibiotica en beoordeling van 
de risico’s van deze verbindingen voor tropische aquatische ecosystemen. 
Dit proefschrift begint met een literatuurstudie over het gebruik van chemische en biologische 
producten in de belangrijkste aquacultuur producerende landen van Azië (Hoofdstuk 2). De studie 
behandelt tevens de huidige stand van zaken op het gebied van de risicobeoordeling van 
chemische stoffen in de aquacultuur. Hierbij wordt ingegaan op de noodzaak van het hanteren 
van het risico-beoordelings paradigma zoals dit in de meeste ontwikkelde landen in de registratie 
en evaluatie van deze stoffen reeds gebeurt. Daarnaast blijkt dat de beschikbare informatie over 
alle aspecten met betrekking tot de risicobeoordeling van de in de aquacultuur gebruikte 
medicijnen zeer beperkt is, en dat het noodzakelijk is om (1) recente gegevens te verzamelen over 
het gebruik van deze chemicaliën in de praktijk, (2) om modelmatige instrumenten voor de 
risicobeoordeling te ontwikkelen, toegesneden op de kenmerken van de belangrijkste 
aquacultuur productiesystemen in Azië, en (3) om de blootstelling en de effecten van in de 
aquacultuur gebruikte geneesmiddelen op tropische aquatische ecosystemen te meten. 
Hoofdstuk 3 geeft de resultaten van de meest uitgebreide enquête naar chemisch 
middelengebruik tot dusverre uitgevoerd in de aquacultuur sector in Azië. De enquête bestreek 
vier onderdelen van de aquacultuur (peneïde garnalen, Macrobrachium garnalen, Tilapia en 
Pangasius meerval) en omvatte vier (qua omvang van de aquacultuur productie) grote naties van 
Azië: China, Thailand, Vietnam en Bangladesh. Tijdens dit onderzoek werd het gebruik van zestig 
verschillende diergeneesmiddelen geïnventariseerd, samen met hun wijze van toepassing, de 
gerapporteerde doseringen en de duur van de behandeling. De gangbaarheid van het gebruik van 
antimicrobiële behandelingen is in de Vietnamese Pangasius bedrijven significant hoger dan in 
bedrijven van de andere onderzochte soorten. Het onderzoek lijkt te bevestigen dat het gebruik 
van antibiotica in de semi-intensieve en intensieve garnalen boerderijen in China, Thailand en 
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Vietnam lager was dan werd gemeld in eerdere enquêtes. Boeren gebruiken in het algemeen niet 
meer dan de aanbevolen doseringen van diergeneeskundige middelen, en het praktische gebruik 
was in de onderzochte bedrijven over het algemeen in overeenstemming met de nationale en 
internationale regelgeving. Ook werd onderzocht welke factoren mogelijk de waargenomen 
verschillen in gebruikspatronen kunnen verklaren. Geografische ligging is de belangrijkste factor 
die van invloed was op toepassingspatronen, en de dichtheid waarmee dieren worden gehouden 
en de productie-intensiteit spelen een belangrijke rol bij het gebruik van chemicaliën in de teelt 
van garnalen. Bovendien is de goedkeuring van certificatieschema's niet altijd gecorreleerd met 
een lager gebruik van antimicrobiële middelen . 
Hoofdstuk 4 beschrijft de wetenschappelijke achtergrond en de mogelijke toepassingen van ERA- 
AQUA, een risico-evaluatie model dat werd ontwikkeld om risico’s (voor het milieu en de 
menselijke gezondheid) die mogelijk optreden als gevolg van het gebruik van diergeneesmiddelen 
in de aquacultuur in vijvers te beoordelen. Dit hoofdstuk beschrijft de invoerparameters, sub-
modellen en onderliggende vergelijkingen die door het ERA-AQUA model worden gebruikt. 
Tevens worden de resultaten getoond van een gevoeligheidsanalyse, en worden de belangrijkste 
parameters geïdentificeerd waarmee bij de parameterisering rekening dient te worden gehouden 
(d.w.z. fractie van organische stof in sediment, temperatuur, gewicht van het organisme, en de 
organische koolstof- en octanol-water verdelingscoëfficiënten van de stof). In dit hoofdstuk wordt 
gebruik van het model gedemonstreerd door een risicobeoordeling voor twee antimicrobiële 
middelen (oxytetracycline en benzalkoniumchloride ) uit te voeren voor een Pangasius meerval 
scenario. 
In Hoofdstuk 5 worden risicoanalyses uitgevoerd met als doel de identificatie van chemicaliën en 
Aziatische aquacultuur productiescenario's die een groot gevaar voor het milieu opleveren. De 
berekeningen werden uitgevoerd met behulp van het ERA-AQUA model en de dataset 
gegenereerd in hoofdstuk 3, in combinatie met recente informatie over gangbare praktijken op 
aquacultuur productiebedrijven, en fysisch-chemische en toxicologische eigenschappen van de 
geëvalueerde verbindingen. Dit hoofdstuk laat zien dat de productie-intensiteit en water 
uitwisseling positief gecorreleerd is aan de lozing van diergeneesmiddelen naar het milieu en hun 
potentiële milieurisico's. Van alle onderzochte verbindingen worden de hoogste risico’s gevonden 
voor de toepassing van een aantal anti-parasitaire verbindingen, als gevolg van hun hoge toxische 
potentieel voor gemeenschappen van niet-doelwit ongewervelden. Van alle onderzochte 
scenario's worden de hoogste milieu-risico’s gevonden voor de Pangasius meerval productie in 
Vietnam, gevolgd door de garnalen productie in China. De op risico gebaseerde rangsschikking 
van verbindingen en scenario's biedt de mogelijkheid tot prioriteren van verder onderzoek naar 
chemische stoffen in zowel chemisch als biologisch veld- en laboratorium-onderzoek voor de 
onderzochte combinaties van soorten en landen. 
In Hoofdstuk 6 worden de lotgevallen in het milieu en de ecologische risico’s als gevolg van het 
gebruik van de antibiotica oxytetracycline en enrofloxacin in de teelt van Tilapia in kooien 
onderzocht. Metingen in water en sediment werden uitgevoerd in twee belangrijke rivieren van 
Thailand (de Tha Chin rivier en de Mun rivier). Bovendien werd de aquatische toxiciteit van de 
geselecteerde antibiotica bepaald voor vijf soorten tropische zoetwater ongewervelden. 
Hoofdstuk 7 geeft de resultaten van een onderzoek naar de milieu-afvoer van het antibioticum 
enrofloxacine na toepassing in een Pangasius meerval vijver in Vietnam, en een ecologische 
risicobeoordeling op basis van gegevens over de toxiciteit voor groene algen, ongewervelden en 
vissen. In beide studies (hoofdstukken 6 en 7) bleken antibiotica in relatief hoge concentraties op 
te hopen in sedimenten naast of stroomafwaarts van de aquacultuur faciliteiten. Ook werd  in 
beide studies geconcludeerd dat de in aquacultuur gebruikte antibiotica slechts een beperkt 
ecotoxicologische risico vormen voor groene algen, ongewervelden en vispopulaties. Beide 
studies tonen echter tevens de noodzaak om verdere evaluaties uit te voeren met sediment 
organismen, en verder onderzoek uit te voeren naar de mogelijke toxische effecten van 
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chronische blootstellingen aan antibiotica op de structuur van microbiële gemeenschappen en de 
hiermee gerelateerde ecologische functies. 
Hoofdstuk 8 beschrijft de effecten van het antibioticum enrofloxacine op verschillende 
structurele en functionele eindpunten van tropische ecosystemen, onderzocht in zoetwater 
microcosms. Deze studie bevestigt de hoge tolerantie van levensgemeenschappen van plankton 
en macro-ongewervelden voor de concentraties die zijn gemeten in het milieu. Uit deze studie 
bleek ook dat de overvloed van bepaalde microbiële functionele groepen, met name ammoniak 
oxiderende bacteriën en archaea, waarschijnlijk zal worden verminderd door milieu-relevante 
concentraties, hoewel hun ecologische functie niet significant lijkt te worden aangetast. Op basis 
van de binnen dit proefschrift uitgevoerde en beschreven metingen in het milieu en de risico-
beoordelingen uitgevoerd met verschillende soorten en diverse niveaus van biologische 
organisatie (moleculair en individueel, populatie, gemeenschap) kan worden geconcludeerd dat 
de korte termijn risico's van de aquacultuur antibiotica voor tropische aquatische ecosystemen 
relatief laag lijken te zijn, en dat effecten op de structuur van microbiële gemeenschappen naar 
verwachting van voorbijgaande aard zullen zijn. 
Hoofdstuk 9 geeft een modelmatige benadering voor de beoordeling van de risico's van 
bacteriële resistentie-ontwikkeling in aquacultuur productie systemen en in hun omgeving. De 
aanpak is gebaseerd op de theorie van probabilistische risicobeoordeling en berust op het gebruik 
van verwachte verdelingen qua blootstelling en beschikbare gegevens omtrent de gevoeligheid 
van klinisch relevante bacteriën voor antibiotica. In dit hoofdstuk wordt deze modelmatige 
benadering gebruikt om het risico voor de ontwikkeling van resistentie tegen antibiotica te 
voorspellen voor 12 antibiotica die worden toegepast in de intensieve teelt van de Pangasius 
katvis. Deze studie toont aan dat de meeste antibiotica, zelfs bij gebruik volgens de 
aanbevelingen, kunnen leiden tot een verhoging van de aanwezigheid van antibiotica-resistentie 
genen in bacteriën die worden geassocieerd met de sedimenten van waterbekkens met 
intensieve aquacultuur. De gepresenteerde modelmatige benadering behoeft verdere evaluatie in 
het veld, maar geeft de noodzaak aan voor de toevoeging van relevante resistentie eindpunten in 
de risicobeoordeling van antibiotica die worden gebruikt in de aquacultuur. 
Tenslotte worden in Hoofdstuk 10 de resultaten van de verschillende studies in dit proefschrift 
besproken en worden aanbevelingen gegeven (1) om de regelgeving omtrent het gebruik van 
geneesmiddelen in aquacultuur in Aziatische landen te verbeteren, (2) om de lozingen naar het 
milieu van aquacultuur geneesmiddelen te verlagen, en (3) om tot een verdere verbetering te 
komen van de kennis en hulpmiddelen die nodig zijn voor de onderbouwing van de milieu-
risicobeoordeling van diergeneesmiddelen die in de Aziatische aquacultuur worden gebruikt.
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Resumen  
 
Resumen 
Durante las últimas décadas el sector acuícola de Asia ha experimentado un crecimiento sin 
precedentes y actualmente representa alrededor del 90% de la producción acuícola mundial. Uno 
de los principales obstáculos para el desarrollo y la expansión de dicho sector ha sido el brote y la 
proliferación de ciertas patologías y enfermedades acuícolas que afectan a la productividad del 
sector. Con el objetivo de abordar dicha problemática, una amplia gama de productos 
veterinarios, incluyendo antibióticos, antiparasitarios y desinfectantes médicos, han sido 
recientemente utilizados. Residuos de dichos medicamentos veterinarios pueden ser liberados al 
medio ambiente a través de la descarga de efluentes procedentes de estanques acuícolas o a 
través de la entrada directa de excretas producidos por los animales tratados en jaulas flotantes. 
La contaminación ambiental producida por medicamentos veterinarios puede afectar a la 
biodiversidad de los ecosistemas acuáticos que rodean las granjas acuícolas y puede contribuir al 
desarrollo de resistencia bacteriana en el medio natural, considerándose así como uno de los 
principales impactos ambientales producidos por la industria acuícola asiática. Además, la 
contaminación de los ecosistemas acuáticos puede acarrear un aumento de la mortalidad en las 
granjas acuícolas y drásticas consecuencias económicas, ya que los ecosistemas acuáticos 
proporcionan los recursos hídricos necesarios para dicha producción. Por todo ello, y con la 
intención de apoyar el desarrollo sostenible del sector acuícola en Asia, es necesario investigar la 
trascendencia de dichos impactos ambientales y desarrollar el conocimiento necesario para la 
Evaluación del Riesgo Ambiental (ERA) de los medicamentos usados en la acuicultura asiática.  
Basándonos en dichas premisas, los principales objetivos de esta tesis doctoral fueron: (1) evaluar 
el uso de medicamentos veterinarios en la producción acuícola en Asia, (2) desarrollar modelos 
matemáticos para llevar a cabo la evaluación del riesgo ambiental de los medicamentos usados en 
acuicultura, (3) identificar compuestos y escenarios de producción acuícola que pueden plantear 
riesgos ambientales elevados, (4) evaluar el destino ambiental de los antibióticos aplicados en 
acuicultura y evaluar sus posibles riesgos para los ecosistemas acuáticos tropicales. 
 
Esta tesis doctoral comienza con una revisión bibliográfica sobre el uso de sustancias químicas y 
productos biológicos en los principales países productores de acuicultura de Asia (Capítulo 2). 
Este trabajo describe el conocimiento actual y las técnicas disponibles para la evaluación de los 
riesgos de los productos químicos usados en acuicultura y hace hincapié en la necesidad de incluir 
estudios de ERA en el registro y la evaluación de los medicamentos usados en la acuicultura en 
Asia, como ya se hace en la mayoría de los países desarrollados. Además, esta revisión 
bibliográfico muestra que la información disponible sobre todos los aspectos relacionados con la 
evaluación del riesgo de los medicamentos usados en acuicultura es muy limitada y pone de 
relieve la necesidad (1) de obtener información sobre el uso de productos veterinarios y sobre las 
prácticas acuícolas actuales, (2) de desarrollar modelos para la evaluación del riesgo que sean 
adaptables a las características de los sistemas de producción acuícola más importantes de Asia, y 
(3) de llevar a cabo estudios de monitoreo para evaluar la exposición ambiental y los posibles 
efectos biológicos sobre los ecosistemas acuáticos tropicales afectados por la contaminación 
acuícola. 
El Capítulo 3 muestra los resultados de la más amplia encuesta sobre el uso de productos 
veterinarios realizada hasta la fecha en el sector acuícola asiático. Dicha encuesta se llevó a cabo 
incluyendo cuatro especies acuícolas diferentes (el langostino jumbo de la familia Penaeidae, el 
langostino de agua dulce del género Macrobrachium, la tilapia y la panga) producidas en cuatro 
países de Asia con importante producción acuícola: China, Tailandia, Vietnam y Bangladés. A 
través de esta encuesta se registraron sesenta ingredientes activos diferentes, así como su modo 
de aplicación, e información acerca de la dosis de uso y duración del tratamiento. Los resultados
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 de este trabajo demuestran que el porcentaje de uso de tratamientos antimicrobianos es 
significativamente mayor en las granjas de panga de Vietnam en relación a las granjas de las otras 
especies investigadas. La encuesta también sugiere que el uso de tratamientos con antibióticos en 
las granjas (semi-)intensivas de langostino jumbo de China, Tailandia y Vietnam, se ha visto 
reducido en comparación a resultados de encuestas anteriores. Este estudio demuestra que los 
trabajadores de estas granjas generalmente no exceden las dosis recomendadas para dichos 
medicamentos veterinarios, y que las prácticas de uso de químicos en las granjas investigadas 
están generalmente de acuerdo con lo especificado en los reglamentos nacionales e 
internacionales. También se investigaron los factores que subyacen a las diferencias observadas 
en los patrones de uso de productos veterinarios. Este análisis demostró que la ubicación 
geográfica es el factor más importante, y que la intensidad de producción en las granjas de 
langostinos jumbo está relacionado con la cantidad y el tipo de compuestos utilizados. Por otra 
parte, este trabajo muestra que la adopción de sistemas de certificación no siempre está 
directamente relacionada con un menor uso de compuestos antimicrobianos.  
El Capítulo 4 describe la base científica y las aplicaciones potenciales del modelo ERA-AQUA, un 
modelo matemático que fue desarrollado para llevar a cabo una evaluación integral de los riesgos 
para la salud humana y ambiental causados por el uso de medicamentos veterinarios en 
estanques de acuicultura. En este capítulo se definen los parámetros y ecuaciones utilizadas por el 
modelo, y se muestran los resultados de un análisis de sensibilidad que identifica los parámetros 
más importantes a tener en cuenta al llevar a cabo la parametrización de éste. Estos fueron: la 
fracción de materia orgánica en el sedimento, la temperatura, el peso inicial del organismo, y el 
coeficiente de partición en carbono orgánico y en octanol de la sustancia aplicada. En este 
capítulo, las aplicaciones del modelo se muestran mediante la realización de una evaluación del 
riesgo para dos compuestos (oxitetraciclina y cloruro de benzalconio) aplicados a un escenario 
acuícola para la producción de panga en Vietnam. 
En el Capítulo 5 se llevó a cabo una evaluación de riesgo preliminar con el objetivo de identificar 
los productos químicos y los escenarios de producción acuícola de Asia que representan un riesgo 
ambiental importante. Los cálculos de riesgo se realizaron mediante el modelo ERA-AQUA y el 
conjunto de datos generado en el Capítulo 3, junto con información actualizada sobre las 
prácticas de producción acuícola y propiedades físico-químicas y toxicológicas de los compuestos 
evaluados. En este capítulo se demuestra que la intensidad de producción y el intercambio de 
agua están positivamente relacionados con la descarga ambiental de residuos de los 
medicamentos veterinarios utilizados y con su riesgo potencial para el medio ambiente. De todos 
los compuestos estudiados, los mayores riesgos se plantean por la aplicación de algunos 
compuestos antiparasitarios, debido a su alto potencial tóxico para las comunidades de especies 
no diana de invertebrados. Los riesgos ambientales más altos fueron calculados para la 
producción de panga en Vietnam, seguida de la producción de langostino en China. Este estudio 
proporciona una clasificación basada en el riesgo ambiental para los compuestos y escenarios 
acuícolas asiáticos, la cual ofrece amplias posibilidades para establecer prioridades y ayudar a la 
toma de decisiones acerca de los compuestos que deben ser evaluados en posteriores estudios de 
laboratorio y de campo, y para los que programas de monitoreo ambiental son estrictamente 
necesarios. 
En el Capítulo 6 se investigó la exposición ambiental y los riesgos ecológicos que plantea el uso de 
dos antibióticos, la oxitetraciclina y la enrofloxacina, en el cultivo de tilapia en jaulas flotantes 
distribuidas a lo largo de ríos tropicales. Este capítulo muestra los resultados del análisis de las 
concentraciones ambientales de antibióticos en muestras de agua y sedimentos tomadas en dos 
ríos de Tailandia con importante producción acuícola: el río Tha Chin y el río Mun. Por otra parte, 
en este estudio se evaluó la toxicidad de dichos antibióticos para cinco especies de invertebrados 
acuáticos tropicales. El Capítulo 7 muestra los resultados de un estudio que investiga la 
contaminación ambiental por el uso del antibiótico enrofloxacina en una granja de panga en 
Vietnam. Además dicho estudio proporciona una evaluación del riesgo ecológico llevado a cabo a 
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partir de datos de toxicidad para algas, invertebrados y peces. En ambos estudios (Capítulos 6 y 7) 
se demostró que los antibióticos usados en acuicultura tienden a acumularse en los sedimentos 
adyacentes a las instalaciones acuícolas en concentraciones relativamente altas. Asimismo, ambos 
estudios concluyeron que dichos antibióticos suponen riesgos ecotoxicológicos limitados para las 
poblaciones de algas, invertebrados y peces, pero ponen de relieve la necesidad de realizar 
nuevas evaluaciones basadas en ensayos de toxicidad con organismos bentónicos, y de investigar 
los posibles efectos tóxicos de dichos antibióticos sobre la estructura de las comunidades 
microbianas y sus funciones ecológicas a largo plazo. 
En el Capítulo 8 los efectos toxicológicos del antibiótico enrofloxacina fueron investigados sobre 
varios parámetros estructurales y funcionales de los ecosistemas acuáticos tropicales a través de 
la utilización de microcosmos. Este estudio confirma la alta tolerancia de las comunidades 
planctónicas y de macroinvertebrados a las concentraciones que se han medido en el ambiente. 
Además, este estudio reveló que la abundancia de ciertos grupos funcionales microbianos, 
particularmente las bacterias y arqueas encargadas de la oxidación de amoníaco, puede verse 
reducida a las concentraciones que se han medido en los ecosistemas expuestos, aunque su 
función ecológica no parece verse afectada de manera significativa. Basándose en los resultados 
del monitoreo ambiental de antibióticos llevados a cabo en esta tesis y los estudios de ERA 
realizados con diferentes especies tropicales y sobre diferentes niveles de organización biológica 
(molecular, individual, poblacional, comunidad), se puede concluir que los riesgos ecológicos de 
los antibióticos usados en acuicultura para los ecosistemas acuáticos tropicales parecen ser 
relativamente bajos a corto plazo. Además los posibles efectos sobre la estructura de las 
comunidades microbianas se espera que sean más bien de carácter transitorio. 
El Capítulo 9 presenta un nuevo método para evaluar el riesgo de aparición de resistencia 
bacteriana en los sistemas de producción acuícola y sus ambientes circundantes. Dicho método se 
fundamenta en la teoría de evaluación probabilística del riesgo y hace uso de distribuciones de 
exposición y de sensibilidad basadas en tests de laboratorio realizados con bacterias con 
relevancia clínica. En este capítulo, el método propuesto se utiliza para predecir el riesgo 
potencial para el desarrollo de resistencia bacteriana de 12 antibióticos usados en la producción 
de panga. Este estudio demuestra que la mayoría de los antibióticos, incluso cuando se usan 
siguiendo las recomendaciones establecidas, pueden aumentar la prevalencia de genes de 
resistencia en bacterias asociadas a los sedimentos de los estanques de acuicultura intensiva. 
Aunque el método propuesto en este estudio requiere una evaluación más exhaustiva bajo 
condiciones de campo, este estudio sienta las bases para la inclusión de criterios de valoración de 
resistencia bacteriana relevantes a la evaluación del riesgo preliminar de antibióticos usados en 
acuicultura. 
Por último, en el Capítulo 10, se discuten los resultados generales de los diversos estudios que 
componen esta tesis y se proporcionan recomendaciones (1) para mejorar el control sobre el uso 
de medicamentos en la acuicultura, (2) para reducir la contaminación ambiental con residuos de 
medicamentos, y (3) para mejorar el conocimiento científico y las herramientas técnicas que 
sustentan los estudios de ERA para los compuestos veterinarios utilizados en acuicultura en Asia. 
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